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ABSTRACT 
Knowledge of the coefficient of thermal expansion (CTE) of a ceramic material is 
important in many application areas. Whilst the CTE can be measured, it would be useful 
to be able to predict the expansion behaviour of multiphase materials. There are several 
models for the CTE, however, most require a knowledge of the elastic properties of the 
constituent phases and do not take account of the microstructural features of the material. 
If the CTE could be predicted on the basis of microstructural information, this would then 
lead to the ability to engineer the microstructure of multiphase ceramic materials to 
produce acceptable thermal expansion behaviour. 
To investigate this possibility, magnesia-magnesium aluminate spinel (MMAS) 
composites, consisting of a magnesia matrix and magnesium aluminate spinel (MAS) 
particles, were studied. Having determined a procedure to produce MAS from alumina 
and magnesia, via solid state sintering, magnesia-rich compositions with various 
magnesia contents were prepared to make the MMAS composites. Further, the MMAS 
composites prepared from different powders (i. e. from an alumina-magnesia mixture and 
from a magnesia-spinel powder) were compared. Corn starch was added into the powder 
mixtures before sintering to make porous microstructures. Microstructural development 
and thermal expansion behaviour of the MMAS composites were investigated. 
Microstructures of the MAS and the MMAS composites as well as their porous bodies 
were quantified from backscattered electron micrographs in terms of the connectivity of 
solids i. e. solid contiguity by means of linear intercept counting. Solid contiguity 
decreased with increasing pore content And varied with pore size, pore shape and pore 
distribution whereas the phase contiguity depended strongly on the chemical composition 
and was less influenced by porosity. 
The thermal expansion behaviour of the MAS and the MMAS composites between 100 
and 1000 °C was determined experimentally. Variation in the CTE of the MAS relates to 
the degree of spinel formation while the thermal expansion of the MMAS composites 
depends strongly on phase content. However, the MMAS composites with similar phase 
compositions but made from different manufacturing processes showed differences in 
microstructural features and thermal expansion behaviour. 
Predictions of the CTE values for composites based on a simple rule-of-mixtures (ROM) 
using volume fraction were compared with the measured data. A conventional ROM 
accurately predicted the effective CTE of a range of dense alumina-silicon carbide 
particulate composites but was not very accurate for porous multiphase structures. It 
provided an upper bound prediction as all experimental values were lower. Hence, the 
conventional ROM was modified to take account of quantitative microstructural 
parameters obtained from solid contiguity. The modified ROM predicted lower values 
and gave a good agreement with the experimental data. Thus, it has been shown that 
quantitative microstructural information can be used to predict the CTE of multiphase 
ceramic materials with complex microstructures. 
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Wfluid = weight of a specimen in a fluid medium (deionised water) (g) 
X x = degree of stoichiometry 
X 
Symbols 
a 
E 
p 
6 
U 
ac = coefficient of thermal expansion of composite (°C-1) 
aL = linear coefficient of thermal expansion of composite (°C1) 
am = coefficient of thermal expansion of matrix (°C-1) 
a,,, eG = mean coefficient of thermal expansion 
(°C-1) 
ap = coefficient of thermal expansion of particulates (°C-1) 
aT = coefficient of thermal expansion at the specific temperature (°C-) 
av = volumetric coefficient of thermal expansion of composite (°C-) 
au = upper bound coefficient of thermal expansion of composite (°C-) 
aC = lower bound coefficient of thermal expansion of composite (°C') 
=a scaling factor of potential well or well depth 
= mean free path (pm) 
Pth = theoretical density (g cm"3) 
Pact = actual (measured) density (g cm"3) 
Pfluid = density of fluid (water) (g cm-3) 
Prey = relative density 
a=a scaling factor of interatomic distance 
v= Poisson's ratio 
X1 
Chapter 1: Introduction 
CHAPTER 1 
Introduction 
1.1 Project Background 
Magnesia (MgO) and magnesium aluminate spinel (MgA12O4) are ceramic 
materials that have been used for engineering applications for many years. They have a 
wide range of high temperature applications such as kiln and furnace furniture and hot- 
face refractories. Properties at elevated temperatures can be enhanced by a combination 
of magnesia and spinel to form a particulate ceramic composite, namely magnesia- 
magnesium aluminate spinel or MMAS. The magnesia-rich composition has better 
chemical resistance and has provides substantially improved thermal shock resistance. 
This advantage extends the range of applications. Recently, MMAS has been used as a 
porous structural support in a solid oxide fuel cell (SOFC) system (Hart, 2004). One of 
the key requirements of such a component is that there is a match in the coefficient of 
thermal expansion (CTE) with other constituent parts of the SOFC to minimise thermal 
stresses. 
While the mechanical properties of MMAS composites such as strength, fracture 
toughness and thermal shock resistance have been studied and fairly well understood (e. g. 
Askel et al., 2002), not many works have focused on thermal expansion behaviour and 
microstructure. Thermal expansion seems not to be sensitive to microstructural features 
of monolithic and isotropic materials even if they contain porosity (e. g. Green, 1998). 
However, the relationship between microstructure and thermal expansion behaviour in 
particulate composites is not clear. 
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The aim of this study was to test the hypothesis that there is a relationship 
between thermal expansion behaviour and microstructure in porous particulate MMAS 
composites. Different starting materials and processing histories were used to develop a 
range of microstructures, including some with deliberately introduced porosity. The 
microstructures were analysed quantitatively in terms of topological parameters, based 
around phase contiguity. Finally, a new expression for the effective CTE of a porous 
composite is proposed. 
1.2 Thesis Outlines 
Following this introductory chapter, Chapter 2 presents more detailed 
background information covering magnesium aluminate spinel (MAS) and the magnesia- 
magnesium aluminate spinel (MMAS) composites, microstructure quantification and the 
determination of the thermal expansion of a multiphase mixture. Chapter 3 describes the 
general experimental procedures. Chapter 4 presents observations of the stoichiometric 
spinel (MAS) and the magnesia-rich (MMAS) formation and microstructural 
development. In Chapter 5, the microstructural quantification is presented. Idealised and 
actual structures are quantitatively analysed and compared. Chapter 6 reports the thermal 
expansion behaviour of the materials. In Chapter 7, an expression for CTE is developed, 
based on the quantitative microstructural information and compared with the conventional 
rule of mixture prediction. The final chapter summarises the work and makes some 
suggestions for future studies. 
2 
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CHAPTER 2 
Literature Review 
2.1 Introduction 
This chapter presents a review of the literature that is relevant to this study. It is 
divided into three sections. The first section presents information relating to magnesium 
aluminate spinel (MAS) and magnesia-magnesium aluminate spinel (MMAS) 
composites. The next section covers microstructural quantification and the parameters 
that need to be considered for quantitative analysis. The last section deals with thermal 
expansion in composite bodies and how the coefficient of thermal expansion of ceramic 
composites is determined. 
2.2 `MAS' and `MMAS' Materials 
2.2.1 Magnesium aluminate spinel (MAS) 
2.2.1.1 Overview 
Magnesium aluminate spinel (MgA12O4) is made from magnesia (MgO) and 
alumina (A1203) which have been mixed and reacted stoichiometrically. The proportion 
of magnesia to alumina is 1: 1 by mole (or 28.2: 71.8 by weight). Offering desirable 
mechanical, structural, physical and chemical properties at elevated temperatures, spinel 
is commonly used as a refractory material (Sarkar et al., 2004). Spinel has a high 
resistance to alkali attack and corrosion, high strength at high temperatures, low 
coefficient of thermal expansion and excellent thermal shock resistance. Generally, 
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spinel itself is a superior material compared to other conventional magnesia and 
magnesia-based refractory materials at high temperature applications such as the side 
walls and bottoms of steel furnaces, together with linings of cement rotary kilns. Due to 
these outstanding features, MgA12O4 is also used as a major component in magnesia-rich 
or alumina-rich matrices and used as an alternative material to chrome containing 
refractory bricks (Cooper and Hodson, 1982). Table 2.1 lists some important properties of 
spinel and its constituent phases. 
Table 2.1 Comparison of some of the general properties of magnesia, alumina and 
magnesia aluminate spinel (after Bartha, 1989) 
material properties magnesia alumina spinel 
Mineralogical phase periclase corundum spinel 
Chemical composition MgO A1203 M A12O4 
Crystal structure 
lattice constant, a (A°) 
lattice constant, c (A°) 
cubic 
4.216 
- 
hexagonal 
4.758 
12.99 
cubic 
8.083 
- 
Melting point °C 2800 2030 2135 
Density (kg m 3.58 3.97 3.6 
Specific heat capacity (kJ k-K 1.202 1.130 1.076 
Thermal expansion coefficient 
from 20 to 1000 °C K-1 x 10- 
13.5 8.8 7.6 
Thermal conductivity (W in-' K- 1) 
at 100 °C 
at 1000 °C 
3.768 
0.680 
3.014 
0.599 
1.507 
0.586 
2.2.1.2 Spinel structure 
The spinels have the general formula of AB204. The majority of spinel 
compounds belong to the space group Fd3m. The unit cell of the spinel structure is 
illustrated in Figure 2.1. Each unit cell consists of 32 anions and 24 cations. The face- 
centered close-packed oxygen anions (02-) have 96 interstitial sites. Within these 96 
interstices, 64 are tetrahedral sites while the other 32 are the octahedral interstices. 
However, not all of them are occupied by cations. Only one-eighth of the 64 tetrahedral 
sites (eight sites) are filled with A2+ cations whereas one-half of the octahedral sites 
(sixteen sites) are filled with B3+ cations. The B3+ cations are always smaller than A2+ and 
closer to each other than the A2+ ions. A polyhedral view of the structure reveals chains 
of edge-sharing B06 octahedra, whereas A04 tetrahedra are isolated from each other. 
This atomic arrangement is the so called normal spinel Examples of normal spinel 
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compounds are MgA12O4, FeA12O4 and MnA12O4. The inverse spinel structure (B(AB)04) 
is slightly different, i. e. one-half of B3+ are in tetrahedral sites while the other half of 
B3+cations and A2+ cations are in octahedral sites. Some inverse spinel compounds are 
FeMgFe04, ZnFeZnO4 and Fe304 together with other ferrites which are very important in 
magnetic applications. Most spinels contain a degree of disordering between normal and 
inverse spinel due to exchange of A2+ and B3+ cations. 
C 
" ýý -b 
(a) (b) 
Figure 2.1 (a) atomic arrangement and (b) polyhedral view of the normal spinel crystal 
structure (after 
http: //www. chemistry. ohiostate. edu/-woodward/ch5 74/struct/MgA12O4. htm) 
2.2.1.3 Magnesia-alumina binary system 
Deposits of magnesia aluminate spinel cannot be found in nature; it has to be 
synthesized. The raw materials for spinel formation are magnesia (MgO) and alumina 
(A1203). Magnesia or periclase is well known as a refractory material used for crucibles, 
refractory cement, thermocouple tubes and kiln furniture for the steel and cement 
industries. This is because it has a high melting point and excellent corrosion resistance, 
low electrical conductivity and high thermal conductivity. To produce magnesia, 
magnesite (MgCO3) is commonly used as a starting material. This material mainly comes 
from natural sources such as minerals as well as sea water, salt beds and underground 
deposits. Magnesia products can be defined as calcined, deadburned or fused, depending 
on the manufacturing processes. To remove carbon dioxide, MgCO3 is calcined at 
temperatures of 700-1000 °C, resulting in caustic calcined magnesia. Calcined magnesia 
is rather reactive and can be used in industrial and agricultural applications such as cattle 
feed, fillers and fertilizers (Tripathi, 2003). Further heating of calcined magnesia, in the 
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range of 1750-2200 °C, leads to deadburned magnesia which offers higher strength and 
more chemical and dimensional stability compared with calcined magnesia. Deadburned 
magnesia is widely used in refractory applications. Fused spinel is manufactured from 
heating calcined or deadburned magnesia or other alumina-rich raw materials in an 
electric arc furnace at temperatures in excess of 2750 T. Alumina is the most widely 
used ceramic oxide. Alumina is generally produced from gibbsite or aluminum 
hydroxide (Al(OH)3) by means of the Bayer Process. Calcination of aluminum hydroxide 
above 1100 °C gives the most thermodynamically stable form of alumina, a-alumina. 
The obtained alumina differs in forms of crystallite size, morphology, and content of the 
impurities. Alumina can be graded according to its soda content as ordinary, medium 
soda and low-soda alumina. For spinel formation, calcined alumina is commonly used. 
Commercial spinel products can be categorized into three groups according to 
their chemical compositions: magnesia-rich, stoichiometric and alumina-rich. The spinel 
can be expressed as MgO"xA12O3 when x represents the mole number of alumina, 
indicating the degree of stoichiometry. In the stoichiometric spinel, x is equal to unity or 
eC 
3000 
2500 
2000 
1500 
1000 
L+ spinet (SS) 
PeurLase (SS) L+ AL, O3 
Periclase (SS) 
Spinet (SS) 
Periclase (SS) + spinet (SS) Spinal (SS) + Al 03 
MgO 10 20 30 40 50 60 70 80 90 A1, O3 
Mole % MiOz 
Figure 2.2 Binary phase diagram of the MgO-A1203 system (adapted from Sarkar, 2004) 
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the molar ratio of magnesia to alumina is 1: 1. The x value in alumina-rich spinel is higher 
than unity whereas that of the magnesia-rich is less than unity. Single phase spinel can 
be produced over a small compositional range at high temperatures and the amount of 
spinel formed decreases with decreasing temperatures. Excess alumina or magnesia may 
be accommodated in solid solution along with spinel if the starting composition is non- 
stoichiometric, as shown in Figure 2.2. 
2.2.1.4 Spinel formation 
The formation of the magnesia aluminate spinel via a solid state reaction has 
been studied since 1960. One of the earliest studies of the mechanisms was carried out 
using an inert marker (Carter, 1961). By using magnesia vapour and alumina in a 
hydrogen atmosphere at 1800-1900 °C together with a molybdenum wire as a marker, the 
study showed that the reaction was as a result of counterdiffusion of the cations, either 
Mg 2+ or A13+, through the spinel reaction layer. The oxygen anions hardly moved, due to 
their close-packed arrangement and larger size compared with cations. 
Other early studies of the sintering kinetics of magnesia aluminate spinel 
focused on spinel formation from the hydroxide coprecipitates of Mg and Al (Bratton, 
1969). It was found that the oxygen volume diffusion governed both the initial and the 
intermediate stages. The result was confirmed by the apparent diffusivity and activation 
energy of each species, Mgt+, A13+ and 02-. When the activation energy of each species 
was compared, the energy required for Mg 2+ to diffuse through the oxygen layer was 
lower than that of the A13+. Thus, diffusion of A13+ was suggested as the rate-controlling 
step in the reaction. However, the experimental self-diffusion data obtained from the 
study showed that the apparent diffusion coefficient of oxygen from 1300 to 1500 °C was 
in between that of magnesia and alumina. This meant that 02- ions were rate-determining 
species in the high purity spinel. Grain growth of the spinel was also investigated at 
temperatures of 1300-1600 °C (Bratton, 1971). In this stage, the densification process is 
proceeding and pore removal is continuing. However, complete densification was hardly 
ever achieved. Grain growth of the spinel is best fitted as a function of the square root of 
time. These studies concluded that the initial and the intermediate stages of sintering are 
controlled by the oxygen volume diffusion. 
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The physical nature of the powder influences the mechanism of spinel formation 
when different particle sizes are mixed and sintered. The finer particle material will form 
the reaction layer growing towards the coarser one, exhibiting some core-shell featuress 
in the matrix. This was also observed in the ZnO/A1203 system (Okada et al., 1985). It 
was reported that when fine ZnO particles of 0.3 pm packed around the coarse alumina of 
40 pm it generated a spinel layer on the particles after calcining at 1000 °C for an hour. 
In contrast, when using bigger alumina agglomerates and smaller ZnO particles, the 
alumina formed a porous continuous matrix around the ZnO and the reaction layer was 
found at the Al203-ZnO contact. This was also found in the MgO/A1203 system. Finer 
alumina of 40 pm and coarse magnesia of 55 pm formed in a reaction layer of spinel 
which developed from the alumina powder matrix towards the magnesia clusters, and 
produced an irregular-shape spinel after sintering at 1300 °C in air (Itoh et al., 1993). 
Additionally, there have been studies of the effect of alumina polymorphism on 
spinel formation. Alumina has several forms, all of which convert to a-phase at 
temperatures above 1100 T. Generally, a-alumina is used to make magnesia aluminate 
spinel. However, the temperature for a-alumina production is high, leading to a decrease 
in reactivity. In spinel production, a volume expansion is encouraged due to a difference 
in density between the reactants and the spinel product. Alternatively, a metastable 
phase, gamma (y) alumina, can be employed. There are several differences between these 
two phases of alumina. Firstly, the density of y-alumina (3.45 g em 3) is lower than that of 
a-alumina (3.97 g em 3). Secondly, the transformation temperature of y-alumina from 
boemite is low at around 700 °C, thus this maintains high activity as well as less energy 
consumption. Moreover, the crystal structures of y-alumina and spinel are both cubic. 
Zhang and Li (2004) found that the stoichiometric spinel prepared from y-alumina gives 
lower linear shrinkage and higher density, compared with a-alumina-precursor samples, 
after sintering at 1600 °C for 3 hours in an air atmosphere. 
2.2.1.5 Spinel production 
Conventionally, there are two manufacturing processes for making spinel 
refractory products: sintering and fusion (Bartha, 1989). In the sintering process, the 
mixing of raw materials is carried out in a rotary kiln at a temperature above 1900 °C, 
leading to sintered spinel product. For the fusion process, the mixture of alumina-rich 
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and magnesia-rich sources is fused in an electric arc furnace at operating temperatures. 
This is sometimes called the electrofusion process and the product is namely fused spinel. 
These two spinel products are different in properties particularly density, amount of 
porosity and crystallite size. The fused spinel generally offers higher density and larger 
crystal size compared with the spinel derived from the sintering process. 
Apart from conventional methods, i. e. solid state sintering of magnesia and 
alumina mixtures, spinel can be formed by other chemical and thermomechanical 
techniques. These techniques are used to produce spinel products and also improve spinel 
characteristics. These may reduce formation temperatures to some extent or give reactive 
and pure starting raw materials. By using chemical processing, submicron and uniform 
size spinel particles which promote spinel formation and densification, can be obtained. 
Those chemical processes are co-precipitation, spray drying and sol-gel, for example. 
The starting materials are nitrates, sulfates, oxalates or hydroxides of magnesium and 
aluminum in the form of solutions. Early studies showed that high purity and fine particle 
stoichiometric spinel powder can be prepared by the co-precipitaion of hydroxides and 
oxalates (Bratton, 1969). The decomposition of the Mg-Al hydroxide coprecipitates 
yielded spinel powder by calcining at 350-400 °C. Later studies (Katanic et al., 1990) 
found that chlorides of magnesium and 7-alumina, with the help of ammonium, also gave 
spinel formation at lower temperatures. Combinations of such methods were also studied. 
Guo and his colleagues (2004) combined both gelation and coprecipitation with a 
modified sol-gel route to make high surface area spinel for catalyst supports. Likewise, 
Jong (1976) suggested that spinel powder could be also prepared by spray drying 
precursory solutions of nitrates and sulfates, followed by calcining to get single phase 
spinel. It was found that the spinel product was obtained after spray-dried and calcining 
at 1150 °C. The same study also suggested that the sintered density of the compact 
powder increased with mole percent of sulfates. The compact powders derived from the 
sulfate solutions were more than 99% of theoretical density, after sintering at 1560 °C for 
20 hours. As for the thermomechanical methods, some techniques such as hot isostatic 
pressing (Ting and Lu, 1999 and Beclin, 1996), hydrothermal processing (Krijgsman, 
1989), liquid pyrolysis (Bhatia et al., 1997), self-heated sustained sintering (Ping et al., 
2001) and microwave-assisted sintering (Ganesh et al., 2004) have been employed. All of 
the studies reported that these methods can reduce porosity in the spinel bodies, with 
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lower sintering temperatures or shorter sintering times, and reaction-bonded spinel was 
also introduced (Kuntz et al., 2005). Although the processes mentioned above offer high 
quality and desirable spinel properties, the production cost is still the main problem for 
commercial practice. 
As far as solid state sintering is concerned, there are some disadvantages in the 
manufacturing process and these may affect the quality of the spinel product as well as 
the production cost. Firstly, a high temperature is required to induce spinel formation due 
to its extremely high refractoriness. Secondly, the spinel formation is accompanied by a 
volume expansion around 5-7%. Although it was reported that the 5-7% expansion can 
be beneficial in healing cracks and releasing thermal stress, leading to better thermal 
shock resistance and mechanical strength at elevated temperature in magnesia-spinel or 
MgO-MgA12O4 composites (e. g. Aksel et al., 2003 and Aksel et al., 2004), this expansion 
hinders densification. Therefore, fully dense spinel cannot be obtained unless further 
processes such as milling and re-sintering are accomplished. These post processing 
techniques also lead to higher production costs. 
However, there are several ways to enhance densification, decrease sintering 
temperature and reduce the cost of production for solid state sintering. These include 
using extremely fine powders, using high purity materials, applying external pressure 
while sintering, e. g. hot pressing, or making high density green compacts using isostatic 
pressing, adding sintering aids, sintering in a reducing atmosphere or a combination of 
such processes. 
Starting materials from natural sources consisting of magnesia-rich and alumina- 
rich compounds are employed in order to reduce the cost. Magnesia-rich sources such as 
magnesite (MgCO3) or brucite (Mg(OH)2) together with alumina-rich minerals like 
bauxite, gibbsite and high alumina clays can be selected. It is reported that using mineral 
sources is possible and offers a practical approach to producing spinel that provides good 
properties and performance for refractory applications (e. g. Houzhi et al., 1992 and 
Cunha-Duncan and Bradt, 2002). Although such minerals can lower the production cost, 
there is the difficulty of composition control due to chemical instability and impurities. 
Natural raw materials that contain thermally unstable components such as carbonates and 
hydroxyl groups should be calcined. Apart from unstable components, some stable metal 
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oxide impurities must also be considered. A main impurity contained in these minerals is 
Si02, and others such as lime (CaO), titania (TiO2), iron oxide (Fe203) and alkali oxides 
(Na20 and K20) can be found. These oxides affect reactivity, phase content and 
microstructure together with the performance of final products. The contaminants can 
dissolve in, the spinel structure and form both second phases and solid solutions. For 
example, the existence of both Si02 and Fe203 in the starting raw materials results in 
forsterite (Mg2SiO4), and fayalite (Fe2SiO4) which may create lattice distortion and 
enhance solubility of other minor impurities in the spinel structure. 
Not only do some foreign compounds appear as contaminants, sometimes such 
compounds are deliberately added into the starting materials as sintering aids. Sintering 
aids can have two important roles: (i) to improve the degree of spinel formation and (ii) to 
reduce the sintering temperatures, depending on the type and amount of addition. The 
additives can be classified into two groups according to chemical composition; oxides and 
non-oxides. The oxide additives give rise to the substitution of cations for Ala+and Mg2+ 
in the spinel structure. Studies have shown that 0.5-4 wt% of ZnO (Ghosh et al., 2000), 
Ti02 (Sarkar and Bannerjee, 2000) or Cr203 (Sarkar et al., 2002) and up to 4 wt% of 
Y203 (Sarkar et al., 2004) can reduce the sintering temperatures to less than 1500 °C and 
decrease intragranular porosity, leading to higher densification. Moreover, it was also 
found that rare earth oxides can improve the spinel products in terms of thermal shock 
and slag resistance in spinel-based refractories (Skomorovskaya, 1994). However, not 
every additive promotes spinel formation and enhances spinel properties. Some oxides, 
such as V205 and B203, give adverse effects. Although they can slightly increase the 
sintered density of spinel, crystal growth which suppresses sinterability and forms low 
melting point phases is observed (Sarkar et al., 2003). As for the non-oxides, halide 
compounds such as fluorine or chlorine can be used. An advantage of the halide 
compounds is that they rarely contaminate the spinel product. This is because fluorine and 
chlorine ions can form gaseous phases (such as HF and HC1) which then evaporate during 
calcination. They can remove undesirable impurities which can form low melting point 
phases and deteriorate the spinel properties. A1F3 and MgC12 improve the degree of 
spinel formation in single stage firing and LiF facilitates liquid phase sintering together 
with solid state reaction by substituting Cl- and F anions for oxygen ions. A1C13 not only 
improved bulk density, apparent density and water absorption, but it also removed sodium 
ions which are a major detrimental impurity for spinel (Genesh, 2004). 
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Owing to the volume expansion, double sintering can be used to improve the 
densification. Double sintering involves calcination of the magnesia-rich and alumina- 
rich components to achieve 55-70% spinel at temperatures of 1100-1300 °C, followed by 
milling reshaping and re-sintering at 1500-1700 T. The process is known as the partial 
reaction technique (Bailey and Russel, 1968). This could overcome expansion difficulties 
and retain sufficient reactivity for the second firing. However, the drawbacks are that 
most processes involve time-consuming steps and high production costs, which adversely 
affects commercial practice. 
The chemical methods naturally give very fine and high surface area products. 
They offer high purity, together with very fine particles down to submicron scale, which 
promote spinel formation at lower temperatures. Although the latter source of materials 
provides some advantages for spinel formation, such processes involve chemicals, or 
precursors, which are sensitive to the environment, leading to composition control 
problems. The more complicated and costly production is a limitation in large scale 
applications. 
The combination of mechanical and chemical processes such as the 
mechanochemical treatment can result in spinel formation at lower temperatures. This 
process is achieved by grinding all of the mixtures while they chemically react. By 
grinding the mixtures of gibbsite (y-alumina) with brucite (Mg(OH)2) or hydromagnesite 
(4MgCO3. Mg(OH)2.4H20) to get amorphous precursors, spinel can be obtained at 
temperatures between 850 and 1050 °C, which is lower than for conventional sintering 
(Mackenzie et al., 2000). The brucite-derived batch can result in spinel when heated at 
850 °C while the hydromagnesite-derived batch gave spinel accompanied by hydrotalcite 
(Mg6A12(OH)16CO3.4H20) which then decomposed to spinel at a temperature of 1050 T. 
It was also reported that the hydromagnesite-derived spinel offered higher relative density 
and superior sintering characteristics compared with that from brucite-derived precursors. 
It has been reported that it is possible to form spinel at room temperature during milling 
(Domanski et al., 2004). Using y-alumina and magnesia as starting materials, spinel was 
found after 160 hour milling. The mixture of a-alumina and magnesia also generated 
spinel, but at a slower formation rate. 
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2.2.2 Magnesia-magnesium aluminate spinel (MMAS) composites 
Magnesia-magnesia aluminate spinel composites are used in various 
applications, especially refractories. They consist of two components, periclase (MgO) 
and spinel (MgA12O4). Magnesia and spinel phase have the same anion packing but they 
differ in the arrangement of cations. Magnesia has a rocksalt structure or face-centered 
cubic arrangement of oxygen ions with all of the octahedral sites filled with Mg2+ 
whereas for the half of the spinel, octahedral sites and one-eighth of the tetrahedral sites 
are occupied by cations. Spinel is added to pure magnesia to improve thermal properties. 
Although magnesia offers high temperature performance it cannot stand severe thermal 
shocks (Aksel et al., 2002, Aksel et al., 2003, and Aksel et al., 2004). 
There are two ways to produce the composites: (i) the in situ process and (ii) the 
presynthesized or preformed spinel process. In the in situ process, the starting materials 
are magnesia-rich and alumina-rich sources which have been mixed and sintered at high 
temperatures. The magnesia-spinel composites are directly obtained through the chemical 
reaction between the raw materials. In the other method, the preformed, either fused or 
sintered spinel is added to the calcined magnesia and then re-sintered. 
Not only are different approaches of the in situ and the preformed processes 
employed, but they also give magnesia-spinel composites with different characteristics. 
The properties of the in situ product depend strongly on the characteristics of the starting 
materials as well as the impurities in them whereas the properties of the preformed 
products rather depend on the characteristics of the spinel, including the amount of 
addition in the composite. In terms of bonding, the in situ process offers a strong bond 
between spinel and the matrix while the preformed process gives weaker bonds and tends 
to form a periphery gap around the spinel grain. The stronger bonding results from a 
conversion of magnesia and alumina to spinel at high temperatures. Magnesia reacts with 
the periphery of the alumina particles. A reaction layer then proceeds towards the centre 
of alumina grains, producing hollow cores and a porous matrix. Residual alumina can 
react with residual magnesia and convert to spinel during service at elevated 
temperatures. In contrast, the reaction layer is not found in the preformed product. The 
spinel phases are surrounded by magnesia grains; they are separated by gaps which allow 
stress relief and are beneficial for high temperature application (Aksel et al., 2002, Aksel 
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et al., 2003 and Aksel et al., 2004). Cracks originate at the sharp corners and propagate 
forming networks of microcracks throughout the magnesia matrix. The cracks arrest 
when they meet gaps or cracks around spinel grains. This crack network can reduce the 
degree of damage from rapid temperature changes (Aksel et al., 2003). Although 
microcracks substantially improved resistance to thermal shock damage, modulus of 
elasticity and strength of the composite fall rapidly. The cracks in the magnesia-spinel 
composite are caused by thermal expansion mismatch between magnesia and spinel. The 
coefficients of thermal expansion of magnesia and spinel from ambient temperature to 
1000 °C are 13.6 x 10-6 and 7.6 x 10-6 per degree, respectively (Barsoum, 1997). This 
thermal expansion mismatch leads to a large hoop tensile stress being generated around 
spinel particles as well as enhancing and extending the microcracks which then link into 
the crack network. 
Focusing on the preformed magnesia-spinel composite, there are several 
parameters influencing the properties of the magnesia-spinel composite: (i) particle size 
(ii) particle size distribution and (iii) spinel content (Aksel et al., 2002). Coarse spinel 
particles are beneficial in order to promote thermal shock resistance compared with fine 
spinel particles. The coarse particles generate longer crack lengths and create more 
microcrack links in the matrix, leading to an improvement in thermal shock resistance 
when the amount of addition is not more than 30 vol%. Longer crack lengths together 
with a microcrack network can also be enhanced by using spinel particles with a broad 
particle distribution (Aksel and Riley, 2002) and higher spinel content in the composite. 
Increasing spinel content resulted in longer initial crack lengths, finer magnesia grain 
sizes and a gradual change in fracture mode from transgranular to intergranular cracking. 
These phenomena can be seen in the in situ method. In magnesia-spinel co-clinker 
refractory derived from hydroxides, it was pointed out the variation in the properties are a 
result of the amount of spinel in the composite (Cooper and Hodson, 1982). A composite 
with low spinel content showed angular spinel phases situated at porous magnesia matrix 
grain boundaries. The grains of magnesia reduced in size while the grain size of the spinel 
did not change with increasing spinel content. 
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2.2.3 Summary of the MAS and MMAS materials 
Magnesium aluminate spinel, MAS, is a structural ceramic widely used at high 
temperature applications. This material can be prepared from powder processing 
followed by solid state sintering. One drawback of making spinel is that complete spinel 
formation needs high temperatures. More advanced techniques such as double sintering 
or chemically-based processing may be employed to promote reactions between magnesia 
and alumina. 
Magnesia-magnesium aluminate spinel composite, MMAS, is a combination of 
magnesia and spinel. Similar to the MAS, it can be obtained from the spinel formation in 
the magnesia-rich non-stoichiometric starting powder mixture. Alternatively, it can be 
made by mixing magnesia and spinel powders. It is an alternative high temperature 
refractory, providing superior thermal shock resistance than the conventional materials 
due to thermal expansion mismatch between the constituent phases. 
2.3 Quantitative Analysis of Complex Microstructures 
2.3.1 Multiphase mixtures 
The microstructure of a material can be vitally important in terms of mechanical, 
chemical, thermal, electrical, optical and magnetic properties. There are many factors 
that influence the microstructure of materials including chemical composition, nature of 
starting materials, material processing and thermal history. 
A multiphase microstructure is composed of regions with unique characteristics 
and properties, the so-called phases. In a two or more phase material, the majority or 
most interconnected phase is termed the matrix, although this designation may not be 
appropriate for some composites. The other phases distributed in the matrix can be 
generally divided into two categories: oriented and random. An oriented structure can be 
found in some specific cases, such as fibre-reinforced composite materials and it is 
generally less complicated to describe this kind of microstructure quantitatively. 
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2.3.2 Number of phases 
The identity of the phases present can be determined using X-ray diffraction as 
long as sufficient amounts are present (typically more than 5 wt%). Alternatively, the 
number of phases can be determined using microscopy. Reflected light microscopy 
reveals the phase through differences in shape, size, colour and reflectivity. Scanning 
electron microscopy can give information by means of both secondary and backscattered 
electron modes. In backscattered images, the contrast depends on the atomic number; the 
higher the atomic number, the brighter the image. This is very useful in phase 
determination. Furthermore, the number of phases can be confirmed and distinguished 
due to the differences in chemical composition. Chemical analysis can be carried out by 
electron probe microanalysis (EPMA) using either energy dispersive spectroscopy (EDS) 
or wavelength dispersive spectroscopy (WDS). Both EDS and WDS techniques involve 
an analysis of the X-ray emitted from the interaction between the electron beam and the 
sample. 
2.3.3 Phase content 
Phase content can be recorded in terms of a relative volume of the phase of 
interest to a total material volume (or in terms of wt%). XRD can be used to estimate the 
phase content of a three dimensional body; however, a more common way is to analyze 
two-dimensional images. A conventional way to quantify the phase fraction is to use a 
micrograph of a polished surface. Then, the obtained information is converted into three 
dimensional (3D) information, assuming that: 
. 
fv = AA Eqn 2.1 
when f, and AA represent the volume fraction of phase A and the area fraction of phase 
A, respectively. In this case, the selected surfaces should be a representative of the whole 
sample. 
In a randomly distributed multiphase structure, the determination of volume 
fraction by means of image analysis can be done by using several approaches: point 
(zero-dimensional), linear (one-dimensional, ID) and area (two-dimensional, 2D) 
analysis. Point analysis is done by laying a grid over a micrograph of a microstructure. 
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The number of intersections of the grid and the phase is counted and then compared to the 
total number of points used. Meanwhile, the linear analysis uses a group of test lines with 
a specific length drawn over the micrographs. Similar to the point method, the ratio of the 
intercept length cutting through a phase to the total length of the lines gives the estimated 
volume fraction. For the area analysis, the ratio of the area of a phase to the total area of 
interest is determined from image analysis of backscattered electron micrographs. The 
phases are represented by various grey levels, depending on their atomic weight, and the 
pore area in black. 
2.3.4 Grain size 
The mean grain size of a microstructure can be determined by means of linear 
intercept counting. The number of grains or particles intercepted by one or more test 
lines, (straight or circular test lines) overlaid on selected fields is counted. This technique 
is one of many approaches that have been developed from stereology, which 
mathematically defines geometric features of a microstructure based on measurement and 
statistics. The mean intercept method is actually a measure of a total interfacial area per 
unit volume, assuming that equiaxed grains are spherical. Generally, however, a mean 
grain size is obtained from measurements carried out on micrographs of a well-polished 
section of a specimen. According to Heyn's procedure (ASTM E 112-96,2004), the 
number of grains intercepted by one or more straight test lines sufficiently long to yield at 
least 50 intercepts are counted. When counting intersections, the end point of a test line 
must be counted as 0.5 if it ends at a grain boundary. It is not counted when it falls within 
a grain. Tangential intersection and each intersection where a test line cuts through a 
grain boundary are scored as 1. A count of 1.5 is taken if the intersection occurs at a 
three point junction. Making counts on three to five randomly selected and widely 
separated fields to get a reasonable representation of the microstructure is recommended. 
However, the accuracy of the method is a function of the number of intersections counted. 
A circular array, advocated by Underwood (1965), Hilliard (1964) and Abrams (1971), 
can also be employed instead of straight lines (see Figure 2.3). Using circular test lines, 
any uncertainty in the end of the test line is eliminated. Therefore, circular intercept 
procedures are most suitable for grain size estimation in routine manual processes or in 
quality control (ASTM E 112-96,2004). The mean intercept, L, length is given by 
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Figure 2.3 An example of the test pattern for intercept counting with a total length or 
circumference of 500 mm, according to Abrams (adapted from ASTM 
E 112-96,2004) 
L=l=l Eqn 2.2 
NL PL 
where NL = 
Ni 
L/M 
Eqn 2.3 
and P1 =P Eqn 2.4 L/M 
where NL and PL represent the average number of intercepts and grain boundary 
intersections between per a total length of test line, respectively. NL and PL are the 
number of intercepts and grain boundaries intersections counted per total length of the 
test line, respectively. An "intercept" (N) is a segment of test line lying on one grain 
while an "intersection" (P) means a point where a test line cuts through grain boundary. 
The number of intercepts and intersections are normally the same. M and L represent the 
magnification of the image and the length of the test line, respectively. The mean 
intercept length L is equal to the mean grain size, d. 
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2.3.5 Concept of contiguity in a two-phase mixture 
2.3.5.1 Overview 
Multiphase microstructural characterisation can be achieved by using 
geometrical and topological parameters. Geometrical parameters include particle size, 
axial ratio, volume fraction and orientation while topological parameters are the 
separation and contiguity of each phase. For microstructures with higher volume contents 
of a second-phase, the second phase can become interconnected. The continuous volume 
can be quantified in terms of phase contiguity. This concept, first introduced by Gurland 
(1958), has been reviewed and discussed by Cahn and Hilliard (1959) and Lui (1993). 
Apart from phase contiguity, further topological parameters of two-phase materials based 
on phase contiguity have been proposed (Fan, 1993) including continuous volume, 
separated volume, degree of continuity and degree of separation. Phase contiguity can be 
used to predict some structure-dependent properties such as electrical resistivity (Fan, 
1995), elastic modulus (Aldrich et al., 2000 and Boccaccini and Fan, 1996) and electrical 
conductivity (Lee et al., 2002). 
2.3.5.2 Phase contiguity 
Contiguity, as proposed by Gurland (1958), can be explained in a physical sense 
as the extent of contact within a single phase. It is termed as the fraction of interfacial 
area or grain boundary area shared by the same phase in a two or more phase composite 
material. Therefore, the contiguity value lies between 0 and 1 which means that the phase 
of interest may change from being completely isolated or separated by the other phase to 
completely connected or agglomerated. Phase contiguity in a two phase material 
consisting of a and ß is expressed mathematically as 
2Sva 
Ca 
2Sva + Sa, 6 
_ 
2S, 616 
Cß=2S, 
6,8 +Saß 
Eqn 2.5(a) 
Eqn 2.5(b) 
when Ca and Cg are the contiguity values of a and ß, respectively. Spa , Sß, 
0 and Sý"' are 
interfacial area per unit volume of the same phase a-a, ß-ß and different of a-ß phases 
respectively. The total surface area per unit volume of a-phase (S') and ß-phase (Sß) is 
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equal to the sum of the interfacial contacts between the same phase and the other phase, 
therefore 
SI = 2Sva + , 
S'v, 6 
SR = 2Sß16 + S'-6 
Eqn 2.6(a) 
Eqn 2.6(b) 
However, it is not usually possible to obtain the three dimensional interfacial 
area directly. Such data can be derived by transformation of two-dimensional (2D) data 
(e. g. from images of polished planes) into three-dimensional (3D) data. Transformation 
from 2D to 3D data requires conversion of the number of particle contacts per unit length 
(NL) obtained from an image of the microstructure into the interfacial area per unit 
volume (Sv). The relationship between NL and Sv is: 
2NL =Sv 
Then, Equation 2.5(a) and 2.5(b) can be rewritten as 
2 NL a 
Ca 
2ND a+ NLß 
2Naa C'6 = 
2NL + NL 
Equation 2.8(a) and 2.8(b) are valid for any particle size, shape and distribution. 
Eqn 2.7 
Eqn 2.8(a) 
Eqn 2.8(b) 
Alternatively, the phase contiguity of a random mixture of equiaxed a-particles 
and ß-particles can be obtained if the volume fraction (f) and average grain size (d) of 
each phase are known. The relationship, which was originally derived from the phase 
contiguity (C), mean free path through any phase (A), average intercept length (L) and 
the number of intercept particles (NL), is shown in Equation 2.9; 
2 =2f R= 
La 
Egn2.9 
NL 1- Ca 
2fa 
Eqn 2.10 La - 2NL a+ NLQ 
Combining Equation 2.9 and Equation 2.10, phase contiguity of a-phase and ß-phase can 
be expressed as 
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Ca = 
faLa 
_ 
Eqn 2.11(a) 
LLQ +f aLa 
Cß = 
46L# 
_ 
Eqn 2.11(b) 
La faL16 + 6f 
If the intercept length, La and LQ , are substituted by grain size, da and dß , and a ratio of 
grain size (dß / da) is designated as R; then Equation 2.11(a) and 2.11(b) would result : - 
Ca = 
faR 
Eqn 2.12(a) 
faR+fß 
CQ = 
f# 
Eqn 2.12(b) fa R+ fß 
2.3.5.3 Phase separation 
Apart from the concept of contiguity, the microstructural information can be 
extended in terms of the phase separation, as proposed by Fan (1993). Separation of a 
phase in a two-phase microstructure can be described as the fraction of the total area of 
one phase shared with the other phase. The separation of phase a and ß are written as Sa 
and S, 8, respectively, and can be expressed as 
_ 
Saß 
_ 
Na, 8 
_v_L Eqn 2.13(a) Sa 2Sva + SVA 2Naa + Naß 
Sap NJQ 
Sß Eqn 2.13(b) 
aß 2S, 6,8 + Saa 2NL a'1 + NL VV 
Alternatively, for a random mixture: - 
Sa - 
fQ 
Eqn 2.14(a) 
faR+fß 
Sß - 
faR Eqn 2.14(b) 
fa R+ fQ 
When combining Equation 2.8(a) and 2.8(b) with Equation 2.13(a) and 2.13(b), 
respectively, it can be seen that the sum of the contiguity and the separation of a given 
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phase is unity. A combination of Equation 2.12(a) and 2.12(b) with Equation 2.14(a) and 
2.14(b) gives a similar result. 
2.3.5.4 Continuous volume and separated volume 
These two topological parameters were proposed by Lee and Gurland (1978). 
Continuous volume is related to the nature of long range continuity of a phase in a two- 
phase mixture. It is defined as the volume fraction of interconnected particles of any 
phase. In contrast, the separated volume is defined as the isolated particles of a phase. 
Continuous volume and separated volume are designated as fc and fs, respectively. 
Expressions of both volumes are quite similar as follows: 
ac - aCa 
. 
fay = . 
facß 
and 
faS =a sa 
fps = 
. 
fa sß 
Eqn 2.15(a) 
Eqn 2.15(b) 
Eqn 2.16(a) 
Eqn 2.16(b) 
The sum of the continuous volume and the separated volume of a-phase are equal to the 
total volume fraction of a-phase. Also, the summation of the continuous and separated 
volumes of all phases in the microstructure is equal to unity. 
2.3.5.5 Degree of continuity and degree of separation 
Like the phase separation, the concept of the degree of continuity of a two-phase 
mixture has been proposed by Fan (1993) and Fan et al. (1993). It is defined as the sum 
of the continuous volumes of all phases existing in a microstructure, and is designated as 
Fc. Meanwhile, the degree of separation is derived from the summation of the separated 
volumes of all phases. The physical meaning of the degree of separation is that it relates 
to the possibility of forming long-range a and ß chains in a given microstructure. 
FC = faC + fßC 
FS 
- aS 
+ßS 
Eqn 2.17(a) 
Eqn 2.17(b) 
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2.3.5.6 Discussion of contiguity-related parameters 
There are some similarities and differences when comparing approaches to 
evaluate the phase contiguity in a multiphase mixture. It was noticed that both 
approaches assume that the microstructure is fully dense; imperfections in the 
microstructure, such as cracks and voids are not mentioned. The linear intercept counting 
and volume fraction and grain size-based methods may differ slightly. Contiguity derived 
from intercept counting is experimentally determined from a direct measurement from 
micrographs whereas the other approach can be used if the volume fraction and grain size 
information of the constituent phases are known. The linear intercept counting is valid 
for any particle size, particle shape and distribution, whereas the other approach is valid 
for a microstructure which is a random mixture containing equiaxed particles of a-phase 
and ß-phase. Also, the grain size of the constituent phases has to be known and employed 
as a grain size ratio, R. The grain size information is more complicated if the 
microstructure contains more than two-phases or the phases contained are non-equiaxed. 
This becomes a major disadvantage and limits the application of the volume fraction and 
grain size-based approach. Therefore, the linear intercept counting seems to be more 
flexible and covers more realistic circumstances. 
From the mathematical expressions, relationships between the contiguity-related 
parameters derived from the two approaches in a dense two-phase structure are observed. 
These parameters can be grouped into: (i) phase contiguity and phase separation, (ii) 
continuous volume and separated volume and (iii) degree of continuity and degree of 
separation. The sum between phase contiguity and phase separation of a phase, e. g. a- 
phase, is always equal to unity. This can be seen from a combination of Equation 2.8(a) 
and Equation 2.13(a) for linear intercept counting and a combination of Equation 2.12(a) 
and Equation 2.14(a) for the volume fraction and grain size-based method, as shown in 
Equation 2.18(a) and 2.18(b), respectively. 
CS= 
2Naa 
+ 
NL" 2Naa + NL ay 
=1 Ca a 2Naa 
L+ 
Na26 2N aa 
L 
+ Naß 2Naa + Na, 8 
LLLLLL 
Ca + Sa = 
fa R+ 
faR+Q 
f faR +f aR 
faR+fß faR+fß 
Eqn 2.18(a) 
Eqn 2.18(b) 
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The sum of the phase contiguity of a-phase and ß-phase derived from the two 
methods is different. The sum of contiguity of a-phase and ß-phase obtained from the 
volume fraction and grain size-based method is always unity, as seen from a combination 
of Equation 2.12(a) and 2.12(b). In the other words, the contiguity of a-phase is equal to 
the separation of ß-phase. 
Ca+C, 8 = 
faR 
+ 
fß 
=1 faR+fß faR+Q Eqn 2.19 
However, this is not true for linear intercept counting. It was found that the sum 
of both values obtained from intercept counting is always more or less than unity, 
depending on the number of intercepts counted and microstructural features. 
Similarities in relationships between the continuous volume and the separated 
volume as well as the degree of continuity and the degree of separation are observed. The 
sum of the continuous volume and the separated volume of one phase in a dense 
multiphase mixture must be equal to the total amount of the phase contained in a 
microstructure, that is: - 
aC 
+aS = aCa 
+faSa = a`Ca 
+Sa) = fa Eqn 2.20 
Likewise, both methods give the sum of the degree of continuity and the degree 
of phase separation as unity, as shown in Equation 2.21. 
Fc + Fs = (fac + fßc) + (fas + fas) = fa (Ca + Sa) + fQ (Cß + Sß) = fa + fR =1 Eqn 2.21 
2.4 Thermal Expansion of Composite Materials 
2.4.1 Thermal expansion of a solid body 
2.4.1.1 Theoretical approaches 
The volume of any substance generally reversibly changes during heating or 
cooling. Clearly, this behaviour involves all the atoms in the material but the concept of 
thermal expansion can be understood by considering two atoms. At a given temperature, 
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there will be an equilibrium spacing between the two atoms corresponding to a minimum 
in the energy, E, of the system. According the Lennard-Jones potential (1937), describing 
the energy of interaction between two atoms as a function of distances, the potential 
energy is given by: 
12 
PE=4s 6-6 
Yr 
Eqn 2.22 
where c is a scaling factor for energy or the depth of the potential well. a is a scaling factor 
for distance and r is the interatomic distance. 
The twelfth power term represents the repulsive energy whereas the sixth power 
term represents the attractive energy (see Figure 2.4). Since the repulsive term is greater 
than the attractive one, the energy well is not symmetrical. At absolute zero, the sum of 
the attractive and the repulsive forces becomes zero and the atoms are static. Once 
temperature rises, the energy in a solid system leads to atomic vibration about the 
equilibrium position. Atoms move away from each other more than they move towards 
each other due to the asymmetry in the curve. The mean separation r therefore increases 
and leads to expansion. Materials with strong bonding tend to have deeper and more 
symmetrical energy wells compared with ones with weaker bonding (see Figure 2.5). 
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Figure 2.5 Schematic diagrams showing potential energy wells of (a) weak-bonded 
solids and (b) strong-bonded solids 
(after www. ami. ac. uk/courses/topics/0197_cte/index. html) 
2.4.1.2 Coefficient of thermal expansion 
The thermophysical property used to quantify thermal expansion phenomena is 
the coefficient of thermal expansion (CTE). The CTE can be explained in terms of either 
linear or volume change as a function of temperature, the so called linear CTE (aL ) and 
volume CTE (a,, ), respectively. If the expansion in all dimensions is the same, as found 
in isotropic materials and randomly-orientated polycrystalline materials, and the change 
in length is very small compared with the original length, then the relationship between 
aL and a,, is 
av = 3aß Eqn 2.23 
The linear coefficient of thermal expansion can be defined as a change in length 
relative to the original length per unit temperature. It can be presented in two slightly 
different ways: (i) the CTE value at a specific temperature and (ii) the CTE value over a 
range of temperatures. In the first approach the CTE is obtained from the slope of a plot 
of strain of the sample versus temperature 
a -ýaa(T 
)l ýL(T) Eqn 2.24 
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when L(T) is the experimentally measured length at an instantaneous temperature. In the 
other approach, the CTE value is an average value between T1 and T2, when T2>Tl, 
expressed as 
aave - 
L(TZ) - L(TI) Eqn 2.25 
L(T, )"(T2- TI) 
2.4.2 Thermal expansion of composite materials 
Whereas the thermal expansion of monolithic materials has been relatively well 
understood, the same is not true for the thermal expansion of composites. Differences in 
thermal expansion behaviour between the constituent materials play important roles in 
governing properties of the composite. 
The thermal expansion behaviour of composite materials can be determined by 
direct measurement (e. g. by using a dilatometer) or predicted using mathematical 
expressions. Many expressions have been proposed in order to estimate the thermal 
expansion of composite materials. In producing expressions for the thermal expansion 
behaviour of particulate composites, it is generally assumed that the composite is 
homogeneous with a uniform distribution of the particles in the matrix. Perfect interphase 
bonding exists between the matrix and the particles and the constituent phases are 
chemically stable. The particulate composites are assumed to be isotropic materials, 
containing spherical second phase particles. The composite system has fully elastic 
behaviour and there are no cracks or voids in the microstructure. 
Generally, the most commonly used expression is a simple rule-of-mixtures 
(ROM), based on the knowledge of volume content and coefficients of thermal expansion 
of the pure constituent phases. The estimated CTE value of the composite always falls 
between that of the pure matrix and the pure reinforcement. Practically, the presence of 
the reinforcement does alter the overall thermal expansion of the composite body, by 
producing mechanical constraints in the matrix. Therefore, some analytical expressions 
combine the constitutive information with elastic properties. Those models present the 
CTE values of the composite either in form of predicted values or as bounds that the 
predicted CTE of the composites possibly will fall between. Some of the more notable 
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expressions are summarized in chronological order in Table 2.2 where a is the CTE of 
composite material and f is the volume fraction of each phase. Mechanical properties of 
materials are shown as E, G and K, representing elastic modulus, shear modulus and bulk 
modulus, respectively. Subscripts m, p and C identify whether the information belongs to 
matrix, particulate reinforcement and composite. Superscripts u stands for upper bound 
while the superscript 1 stands for the lower bound. 
The differences in the predicted CTE values of ceramic-matrix composites using 
these expressions will be discussed. As an example, Table 2.3 provides the thermo- 
mechanical properties of four different materials from which composites can be made. If 
the reinforcement is silicon carbide particles (SiCp), then three types of composites are 
achieved; ceramic-matrix (CMC), metal-matrix (MMC) and polymer matrix composite 
(PMC), of which the matrices are alumina, aluminum and epoxy, respectively. The 
predicted CTE values can be shown either in the form of a specific value or bounds 
between which the predicted values must fall. The ROM, Turner, Kerner and Schapery 
expressions provide specific effective CTE values whereas the others (Schapery, Rosen 
and Levin) provide bounds of predicted CTE because the Hashin model is used to provide 
bounds for the bulk density. Predictions of the bounds on effective elastic modulus are 
made on the basis of elasticity and are applicable to a composite of arbitrary phase 
geometry which can be regarded as isotropic and homogeneous. The upper bound and the 
lower bound of the calculated bulk modulus can be obtained from Equation 2.27(a) and 
2.27(b), respectively. 
K" =K + 
m 
p 
Km -Kp 3KP +4Gp 
K'=Km+ 
fP 
1 3 fm 
KP -Km 3K,,, +4Gm 
Eqn 2.27(a) 
Eqn 2.27(b) 
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Table 2.2 Expressions for predicting the CTE of two-phase materials 
reference/ year expressions 
Rule of mixture (ROM) ac = fmam + fpap 
Inverse ROM {' 
m 
fP 
_ + 
ac am ap 
Turner (1946) fmamKm + fpapKp 
ac = 
. 
fmKm + fpKp 
Kerner (1956) 
Kp 
=amfm+apfp+fmfp(a. -ap)- p- 
Km 
3KmKp 
. 
fmKm + fpKp + 
4Gm 
Thomas (1960) ac = a°, fm m+ a° 
fr when -1 <_ a <_ 1 
Schapery (1968) fmamEm + fpapEp 
ac = fmEm + fpEP 
Schapery-Hashin 
bounds (1968) 
4Gm (Kc - Kp) ' (am - ap). fp ac = am fm + ap fp + Kc 4Gm + 3Kp 
4Gp (Kc - Km) " (a p- am 
). fm 
ac =amfm+apfp+ Kc 4Gp+3Km 
Levin-Hashin (am -a )K (3Km + 4Gm )f p Shtrikman (1967) a=a cmK. (3Kp + 4Gm) + 4(Kp - Km )Gm fp 
r 
(ap - am )Km (3Kp + 4Gp ). fm 
ac = ap - Kp(3Km +4Gp)+4(Km -Kp)Gpfm 
Rosen-Hashin (1970) 4fmfG Km -K arn -a p) pp( p)( p) = amfm +a 
pfp 
+ 
3KmKp + 4GpK 
U 
4fmfpGm (Km - Kp)(am - ap ) ac =amfm+apfp+ 3KmKp+4G,,, K 
when K= Km fm +Kpfp 
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Table 2.3 Thermal and elastic properties of materials used in the models 
matrix reinforcement 
material properties alumina aluminum epoxy sicv 
CTE (degree-') 8.1 24 60 4.5 
Elastic modulus, E (GPa) 402 71 5 483 
Bulk modulus, K (GPa) 248 70 5.6 244 
Shear modulus, G (GPa) 163 27 1.9 206 
Poisson's ratio, v 0.23 0.33 0.35 0.17 
A comparison of the effective bulk moduli as well as the CTE values, as 
predicted by the Schapery-Hashin model, of the three types of composite is shown in 
Figure 2.6. The predicted bounds of the three composites are obviously different both in 
terms of the actual values and also in terms of the width of bounds. The widest bound 
areas belong to the polymer-based composite which has the biggest difference in 
properties of the constituents. This may be explained in terms of the modulus ratio, which 
represents the ratio of the elastic modulus of reinforced material to that of the matrix 
(Ereinforcement / Ematrix)" In this case, the modulus ratios of the CMC, MMC and PMC 
reinforced by ceramic particles are 1.2,6.8 and 96.6, respectively. Therefore it can be 
seen that the width of bound relates to the modulus ratio; the greater the modulus ratio, 
the wider bounds. It can be inferred that in a composite in which the elastic moduli are of 
the same order of magnitude, the predicted effective modulus together with the effective 
CTE are not significantly different. 
The variation of the predicted CTE of an alumina-silicon carbide composite 
made using the various expressions is shown in Figure 2.7. The plot demonstrates that 
the predicted CTE values calculated from Turner, Schapery and other Hashin-related 
expressions are rather similar to the simple ROM. The Kerner expression predicts higher 
CTE than other expressions while the inverse ROM and Schapery give lower values. 
Bound models provide very small differences between upper and lower bounds. When 
considering the average CTE values derived from those bounds, a slight difference in the 
predicted CTE can be found. Among the three bound models, the effective CTE values 
obtained from Levin is highest, followed by Rosen-Hashin and Schapery. On the basis of 
this comparison it would appear that when elastic moduli of the constituent phases are 
rather similar, it is reasonable to use the ROM to predict the CTE. It should be noted that 
for the group of expressions that give values that cluster around the ROM values, the 
differences are greatest in the centre of the compositional range. 
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Figure 2.6 Variation of (a) effective bulk modulus and (b) effective CTE of 
composite materials calculated using the Schapery-Hashin bound model 
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Figure 2.7 Comparison of the expressions used to predict effective CTE values of a 
particulate composite (alumina / silicon carbide composite) 
Apart from these expressions, the effective CTE can be predicted using other 
methods. Numerical techniques such as finite element analysis have been widely used to 
predict not only thermal properties but also mechanical properties and can provide more 
realistic circumstances. Although there are several advantages of using numerical 
analysis, the computer-aided approach still has some drawbacks. It is a quite time 
consuming process in terms of data input, set up and interpretations. 
2.4.3 Effects of porosity on thermal expansion behaviour of composite 
materials 
It is known that porosity has no effect on the thermal expansion behaviour of 
monolithic materials (e. g. Green, 1998). Further, it is reported that the addition of 
porosity is not likely to affect the thermal expansion behaviour of a porous two-phase 
material (e. g. Chiang et al., 1997) so porosity in the structure is always ignored. In the 
mathematical models for the CTE predictions there is no term specifically involving pore 
contents. However, it could be argued that porosity has an effect on modulus, which is a 
parameter in many models. Most studies on thermal expansion behaviour of composite 
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materials have been focused on chemical composition and thermal expansion mismatch 
between the constituent phases, which leads to thermal stresses, as well as microcracking. 
Some works have experimentally and numerically studied the relationship between 
thermal expansion behaviour and microstructure of multiphase systems in which the 
difference in CTE of the constituent phases is quite large, like metal/ceramic systems or 
ceramic/metal systems (e. g Shu and Tu (2003) and Sideridis et al., (2005)). None of the 
previous studies have been on any ceramic-ceramic systems. 
Porosity in the microstructure may alter the overall CTE of the composites 
(Clemmer and Corbin, 2004). A composite consisting of a continuous ceramic matrix 
and metal reinforcement with pores may experience a decrease in CTE because the metal 
can expand into the pores thus reducing the strain on the ceramic. Meanwhile, in the 
reverse case of a continuous metal reinforced with ceramic, the effects of porosity are not 
as significant because the metal matrix can expand more freely. The presence of porosity 
in these systems not only allows the constituent phases to expand and contract more 
freely, it can also affect microstructural arrangement and may vary the overall thermal 
expansion. In the findings of a numerical study it was reported that the overall thermal 
expansion behaviour of a continuous ceramic matrix is influenced by pores because these 
pores can significantly relieve local constraint and promote local deformation (Shen, 
1997). In contrast, thermal expansion in a continuous metallic matrix due to porosity 
becomes relatively insensitive. On the basis of these findings, it can be inferred that the 
thermal expansion in a ceramic-ceramic system is likely to be insensitive to porosity 
because the CTE values will be similar, however, it may possibly be affected by 
micro structural features. 
2.5 Concluding Remarks 
This chapter has provided information on the ceramic materials, microstructure 
quantification and thermal expansion involved in this study. Magnesium aluminate spinel 
(MAS) and magnesia-magnesium aluminate spinel (MMAS) composites are selected as 
being representative of the particulate composites. They can be prepared via powder 
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processing. MMAS composites can be produced from a sintered mixture of magnesia and 
alumina or a blend of sintered magnesia and fused spinel. 
Apart from general quantitative microstructural parameters, phase contiguity 
representing the connected nature of one phase in a complex structure has been discussed. 
Thermal expansion of composite materials can be obtained by means of direct 
measurement, analytical and numerical approaches. Several expressions have been 
proposed to estimate the effective coefficient of thermal expansion (CTE). These 
expressions are mostly based on knowledge of constitutive information and elastic 
constants of the constituent phases. Among these mathematical expressions, most models 
provide predicted CTE values that are quite similar to those derived from a simple rule of 
mixture for composites in which the two materials have similar elastic moduli. 
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CHAPTER 3 
Materials and Sample Preparation 
3.1 Introduction 
This chapter describes the general experimental procedures used in the current 
study. Details of the starting materials used for making magnesium aluminate spinel and 
magnesia-magnesium aluminate spinel composite are given, followed by details of 
sample preparation, including powder mixing, shaping and sintering. Processes for the 
characterisation of the raw materials as well as sintered samples are then also reported. 
3.2 Raw Materials 
The main starting materials in this study are magnesia and alumina powders: 
AML-R1 (Electro Furnace Product Ltd., UK) and AKP 50 (Sumitomo Chemical Ltd., 
Japan), respectively. AML-R1 is a magnesia-rich powder containing calcium oxide and 
silica as major impurities while iron oxide and alumina are in the AML-R1 powder as 
minor contaminants. The AKP50 alumina is very high purity. The chemical 
compositions in terms of the weight percent as determined using X-ray fluorescence 
(XRF) are shown in Table 3.1. The mixtures of both powders were shaped and sintered 
to make stoichiometric spinel (MAS) samples as well as magnesia-rich spinel (MMAS) 
products by the in situ process. 
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Table 3.1 XRF analysis of starting powders 
composition (wt %) AML-R1 * AKP 50** 
Si02 0.75 - 
Fe203 0.11 - 
Ti02 0 - 
A1203 0.05 99.99 
CaO 0.89 - 
m go 98.2 - 
* Data from Electro Furnace Product Ltd. 
** Data from Sumitomo Chemical Ltd. 
Apart from AML-R1 magnesia powder and AKP50 alumina powder, MAS and 
MMAS composites can be produced using other sources of materials. Although the 
majority of the composites were manufactured from the main powders, MMAS 
containing 70 wt% magnesia (United Ceramics Limited, UK) made from a mixture of 
fused spinel and sintered magnesia was employed for comparison purposes. Aluminum 
hydroxide or Al(OH)3 (Pikem Ltd., UK) was also used as another alumina-rich source for 
MAS production. 
To generate porosity in the magnesia-spinel microstructure, corn starch (S4126, 
Sigma-Aldrich Company Ltd., UK) with an average diameter of 15 µm was used. A 
multi purpose PVA (polyvinyl acetate) adhesive (Vickes Building Ltd, UK) and fish oil 
F8020 (Sigma-Aldrich Inc., Germany) were also used as binders to enhance pressability 
and green strength. 
3.3 Sample Preparation 
3.3.1 Green bodies 
In situ stoichiometric spinel (MAS) was prepared from a mixture of magnesia 
and alumina. The blended powder was composed of 28.2 wt% magnesia and 71.8 wt% 
alumina. Non-stoichiometric magnesia-rich compositions (MMAS) were also prepared 
by varying the content of each constituent powder in the mixture and amount of pore 
content (see chapter 4). Powders were dry mixed in a polyethylene bottle with alumina 
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milling media on a horizontal ball mill for 30 minutes. In the beginning, the 
characteristics of MAS and MMAS composites were studied using the unmodified 
powder blend. Later, sieving of the powder blend was employed with a 200 mesh sieve. 
The powder blend was unidirectionally pressed in a stainless steel die using a hydraulic 
pressing machine at 50 MPa. The diameter of the green compact was around 25 mm and 
heights were varied, ranging from 3 to 5 mm. 
For further analysis, characteristics of the MAS and MMAS materials were 
investigated using dilatometry. It was necessary for the blend powder to be mixed with a 
PVA binder and a fish oil to improve green strength. The green sample was then cut into 
a rectangular shape before sintering. After pressing, both pellets and samples were kept 
in an oven at 110 °C overnight and stored in a desiccator to prevent moisture absorption 
before sintering. 
3.3.2 Sintered bodies 
Pellets, dilatometer samples and a small amount of powder mixture in a lidded 
alumina crucible to prevent contaminations were sintered altogether in an air atmosphere 
in a furnace (Elite BRF17/5M, Elite thermal System Ltd., UK). Pellets and dilatometer 
samples were used to examine density, microstructure development and thermal 
expansion while the sintered powder was used to determine phase content using XRD (it 
was more convenient to put powder in the XRD sample holder). Sintering parameters 
including temperature and holding time were varied to find an optimum condition to 
produce MAS from solid state sintering. The specific details are reported in chapter 4. 
3.4 Powder Characterisation 
3.4.1 Particle size distribution 
Knowledge of the particle size and particle size distribution of the starting 
materials is important for powder processing because they both influence the properties of 
the final products. Information concerning particle size and its distribution can be 
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achieved by several techniques such as sieve analysis, sedimentation, microscopy and 
laser diffraction. 
Particle size and size distribution of the powders in this work was assessed using 
a laser diffraction technique (Mastersizer S, Malvern Instruments Limited). This 
technique was based on a wet analysis, that is, particles of the powders were dispersed in 
a medium. For the study, deionized water was selected as the medium. A small amount 
of sodium hexametaphosphate (BDH, Poole, UK) was added in order to stabilize the 
powder suspension in a liquid medium. However, the optimum concentration of sodium 
hexametaphosphate depends on the characteristics of the powder, such as density and 
refractive index. Therefore, the concentrations of sodium hexametaphosphate (SHMP) 
for the two starting powders were different. Suitable concentrations can be selected by 
varying the amount of dispersant and examining the settlement of the powder at each 
concentration. For magnesia powder, a concentration of 0.5 wt% was employed while 
that for alumina powder was 0.1 wt%. The background of each measurement must be set 
up in order to get reliable results. Some initial parameters, i. e. density and absorption of 
the powders, refractive index of the powder and fluid medium, were used as inputs for the 
software calculation. In this case, theoretical densities of magnesia and alumina of 3.58 
and 3.97 g CM-3 , respectively, were employed. The absorption coefficient values of 
both 
powders were assumed to be unity. The value of refractive index of the fluid medium 
(deionised water) and powder were 1.333 and 1.592, respectively. Firstly, the medium, 
without powder, was poured into the tank, stirred and pumped into the laser chamber to 
obtain a background reading. The speed of the stirrer was fixed at around 2000 rpm. The 
powder must be deagglomerated before the laser analysis by mixing a small amount of 
powder with the fluid medium and putting in an ultrasonic bath for 5 minutes to disperse 
the powder. To measure particle size, the sonicated powder-containing medium was then 
added to the tank drop by drop using a small syringe while the pump and stirrer were kept 
running until about 10% obscuration was reached. The system was then ready to measure 
particle size distribution. 
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3.4.2 Phase content using X-ray diffraction 
Both starting powders and the blended mixture were characterized by X-ray 
diffraction with a Cu Ka, radiation source for which the wavelength was 1.540562 A°. A 
Seifert 3003TT diffractometer (GE Electric Company, UK) with computerized interface 
data acquisition (Rayflex, GE Electric Company, UK) was used. To examine the initial 
phase content, the starting powders were of interest while the phase content of the 
sintered bodies was obtained from loose powders put in the lidded crucible and sintered 
together with the pellets, having checked that the sintered loose powder and the sintered 
bodies give the same XRD patterns. The scan was over a 200 range of 20-120° with a 
scanning step of 0.10. All peak positions were identified for the phase constituent using 
JCPDS cards. 
The fraction of each phase (unreacted alumina, unreacted magnesia and spinel) 
was estimated from the strongest peaks at the specific 20° divided by the sum of the three 
strongest peaks at those angles. The 20 angles that give the strongest peaks for alumina, 
magnesia and spinel are at 43.4° (113), 42.9° (200) and 36.9° (311), respectively. Then 
the relative intensity, or fractional phase content, f, can be obtained from Equation 3.1, 
i 1re/(i) - 
Ii 
jI Eqn 3.1 
where f and I represent the calculated volume fraction and intensity of the strongest 
peaks of the solid phase. The subscript i represents the phase of interest. It is noted that 
the calculated volume fraction can only be obtained as an estimate; more refined methods 
would be required to give accurate values. 
3.5 Material Characterisation 
3.5.1 Density 
3.5.1.1 Theoretical density 
Theoretical density values of the samples can be simply predicted using a rule of 
mixture (ROM) approach provided that the phase content is known. However, the phase 
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content depends on the extent of the reaction between alumina and magnesia during 
spinel formation. The phase content can be estimated from the intensities of the strongest 
peaks of each phase in the XRD patterns. 
Calculated theoretical density of the sintered bodies can then be determined by 
using the rule of mixtures as shown in Equation 3.2. 
Prh = PAl2o3 
fAl2O} + PMgO MgO 
+ PMgA12O4 (1 -J A12O3 - 
fMgo Eqn 3.2 
where Ph is calculated theoretical density and f is volume fraction of each phase obtained 
from Equation 3.1. The theoretical density of alumina, magnesia and spinel were taken as 
3.97,3.58 and 3.60 g em-3 (Barsoum, 1997), respectively. 
3.5.1.2 Actual density 
The density of the sintered bodies can be measured and determined on the basis 
of Archimedes principle. When a solid is immersed in a fluid, it is exposed to a buoyancy 
force. The value of this buoyancy force is equal to the weight of the fluid which is 
displaced by the volume of the solid sample. Generally, the equation for density 
determination is given as 
Wair 
. Pfluid 
Pact _ Wair 
- 
Wfuid 
Eqn 3.3 
where pact and Pfluid are the measured (actual) density of the sample and the fluid 
medium (deionised water), respectively. WQ1, stands for the weight of sample in air and 
Wfu; d represents the weight of solid in the fluid. A digital scale with a density 
measurement kit (Sarturius, UK) was used to measure actual density. In this case, 
deionised water was used as the fluid medium. The densities of both uncoated and coated 
sintered spinel samples were examined. Using an uncoated sample, the degree of spinel 
conversion could be detected by directly immersing it into the water. Then, the sample 
was dried in an oven at 110 °C overnight to get rid of the moisture. Then, the same 
sample was coated evenly with a very thin layer of nail polish. Again, the density of the 
coated sample was obtained by liquid immersion to determine the degree of densification. 
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The percentage of relative density (prei) can be calculated from the measured 
density of the coated samples obtained from the liquid immersion divided by the 
calculated theoretical density (see previous section) as follows: 
Prel = 
Pact 
" 100% Eqn 3.4 
P, h 
3.5.2 Microstructural studies 
3.5.2.1 Sample preparation 
Sintered samples, both with and without binders, were investigated. All samples 
were cold mounted in epoxy resin and left overnight to set. The cold mounted solution 
was prepared by mixing epoxy resin (EpoFix resin, Struers, Denmark) with hardener 
(EpoFix hardener, Struers, Denmark) in the ratio of 15: 2. A mixture of resin and 
hardener was stirred in a cup which was immersed in warm water to improve fluidity. A 
small amount of alumina powder was added to the epoxy resin and hardener until it 
became homogeneous, in order to keep the polished surfaces planar and prevent surface 
relief which may occur due to the difference in hardness between samples and mounts. 
A polishing machine (PEDEMAX-2 and PLANOPOL-2 polishing heads, 
STRUERS, Denmark) using polishing diamond pads from 250 to 10 µm was used, 
followed by polishing with polycrystalline diamond spray from 6 to 1 µm. Further fine 
polishing using ultra fine alumina particles, prepared as a slurry, was done where 
necessary. Grain boundaries can be revealed by relief polishing by means of further fine 
polishing using ultra fine polishing media. Polished samples were put in an ultrasonic 
tank (for 5-10 minutes) to remove any remains embedded in the sample surface. Then 
they were cleaned with water followed by methanol. The microstructure of the samples 
was examined using both light and scanning electron microscopy (SEM). 
One of the polished samples from each set was thermally etched to reveal the 
grain and phase boundaries. It was very important to see these boundaries to get accurate 
information on the nature of phase contiguity. Before thermal etching, samples must be 
removed from the mounts. Firstly, the polished surface was protected by masking tape. 
Secondly, the samples and the mount were split from each other. The remains of the resin 
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along the faces and edges of samples (not the protected surface) were taken off by coarse 
grinding papers. Then, the protective masking tape was finally removed and the surface 
was cleaned again using methanol and dried. The sample was thermally etched at a 
temperature of about 100 °C below the sintering temperature for about 30 minutes in an 
air atmosphere. 
3.5.2.2 Reflected light microscopy 
Light microscopy was carried out using a Zeiss Axiophot on samples that had 
not been etched. Using reflected light microscopy was useful to check the polished 
samples in the early steps to see if further polishing was needed. 
3.5.2.3 Scanning electron microscopy 
The SEM images were taken using a scanning electron microscope (JXA-8600, 
JEOL Ltd., UK). Chemical analysis was also achieved by using an electron probe 
(EPMA) micro analyser and analytical software (INCA, Oxford Instruments UK). 
The samples were placed on a metal stub using electrically conductive adhesive. 
Then the samples were coated with a thin conductive layer, either graphite or gold, of a 
few nanometre thickness. A few small strips of aluminum tape were put across the rim of 
the coated samples and the SEM sample holder and a silver paint was also applied 
between the tape and samples to make a bridge to promote electrical conductivity and 
minimise charging. 
Microanalysis can be divided into two parts: compositional analysis and 
quantitative analysis. Compositional analysis involved chemical composition in terms of 
any elements contained in each phase, using energy dispersive spectroscopy (EDS). 
Standard blocks, which are used for chemical analysis and contain specific elements in 
known quantities, needed to be coated with the samples in order to get the same thickness 
of the conductive layer on them. The sample surface was coated with a thin layer of 
graphite because it did not interrupt the signals from the samples, compared with gold. A 
pure titanium standard was used for X-ray quantification. Spot as well as area scan EDS 
results gave information about chemical composition of the constituent phase. The 
results from EDS, either focusing on a spot or from area scanning, were reported as a 
wt% of element present. The values of wt% element can be converted into vol% oxide. 
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For quantitative microstructural (as opposed to chemical) analysis, the volume 
fraction was obtained by means of area measurement over the unetched polished surface. 
A thin layer of gold was applied over the sample surface when only micrographs were of 
interest because gold substantially improved the quality of the electron micrographs. 
3.5.3 Phase content using microscopy technique 
Apart from XRD technique, phase content can be estimated from the electron 
micrographs by means of the areal analysis. Using backscattered electrons, phase contrast 
is revealed and quantitative information can be extracted by area measurement, defined as 
a ratio of area or phase in a particular range of grey level to one another. The analysis 
was carried out using unetched surfaces. Other ways to achieve phase content are areal 
EDS scan and spot EDS analysis. For the area EDS, the whole areas of interest were 
scanned and data concerning the amount of element contained was collected. The 
chemical composition of the samples at specific points can be determined using spot 
EDS. The results obtained are expressed in terms of wt% element. The measured data 
has to be re-calculated in order to convert the element to compounds. 
3.5.4 Thermal expansion 
For the dilatometric studies, the change in dimension was examined by a DIL 
402C dilatometer (Netzsch, Germany). To get accurate thermal expansion results, 
thermal expansion of the sample holder and furnace components must be considered. 
This can be achieved by calibration. A calibration measurement has to be done on a 
standard sample with a known coefficient of thermal expansion information. This study 
used a polycrystalline alumina standard sample of 25 mm in length and 5 mm in diameter. 
Thermal history of the calibration was from room temperature to 1200 °C with a heating 
rate of 5 °C minute-'. This temperature schedule was employed in the measurement later 
on. 
The powder blend was shaped and pressed in a stainless steel cylindrical die at 
320 MPa to get a pellet of 20 mm in diameter. The thickness may vary in the range of a 
few millimetres due to the constituents of the blended powder which result in different 
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volumes for the same weight. Then, the pellets were cut into a rectangular shape using 
and a blade and a jig plate. A dimension of the sample was 18 mm x5 mm x 2.5 mm, 
approximately. 
After sintering, the samples were polished at both ends to make them parallel. 
The original length of a sample was verified by a vernier caliper. Thermal expansion 
characteristics of MAS and MMAS were reported in terms of the linear change together 
with the CTE as a function of temperatures. The CTE at the specific temperature T (or 
physical CTE, a,. )was calculated from Equation 3.5. 
_1 
L(T)-Lo 
aT 
LT -T 00 
Eqn 3.5 
where L(T) and Lo are linear expansion of the sample at temperature T and the original 
length of the sample, respectively. To is a reference temperature (20 °C). However, the 
results can be presented in the form of mean CTE value (or technical CTE, amean) over the 
specific range of temperatures TI and T2 when T2>T1. It can be calculated from 
1 L(T2)-L(T, ) 
amean =- 
Lo T2 -TI 
Eqn 3.6 
The range of operating temperatures may vary depending on the type of the samples. The 
specific details on the dilatometric studies are reported later in chapter 6. 
3.6 Concluding Remarks 
This chapter has provided an overview of the sample preparation and the 
experimental techniques used. Further details relating to specific experiments are given 
in the subsequent chapters. 
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CHAPTER 4 
Magnesium Aluminate Spinel (MAS) and 
Magnesia-Magnesium Aluminate Spinel (MMAS) 
Composite Observations 
4.1 Introduction 
This chapter details the characteristics of the materials involved in this work: 
magnesium aluminate spinel (MAS) and magnesia-magnesium aluminate spinel (MMAS) 
composites. The MAS study mainly focuses on spinel formation and microstructural 
development of spinel according to the sintering conditions, materials processing and the 
nature of the starting materials. The MMAS observation describes the characteristics of 
magnesia-rich spinel as a function of chemical composition and manufacturing process. 
Porous MMAS bodies are also discussed. 
4.2 Characterisation of Raw Materials 
4.2.1 Chemical analysis 
The results of the XRD investigation of the raw materials used in this work are 
presented in Figure 4.1 and Figure 4.2. By referring to JCPDS standards, the peaks were 
assessed and the main constituents of AKP50 and AML-R1 were a-alumina and periclase 
(magnesia). The absence of any other peaks indicated that no impurity phases were 
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present in significant quantities but the lack of sensitivity of the XRD technique meant 
that small quantities, up to 5 wt% approximately, may exist. 
C CO 
-2 ca 
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Figure 4.1 XRD pattern of AKP50 high purity alumina powder 
" magnesia STD 4-829 
(200) AML-R1 
CU L 
C 
ý- -2- m 
Figure 4.2 XRD pattern of AML-R1 magnesia powder 
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4.2.2 Particle size and distribution 
Figure 4.3 and Figure 4.4 show the particle size distributions of the raw 
materials used in this work. The particle size of both powders can be characterised by 
D50 or the median diameter, which is represented on a distribution plot as the peak of the 
graph. Alternatively, D50 can be obtained from the frequency curve, if the particle size 
distribution is bimodal, as shown in Figure 4.5. A horizontal line at 50% cumulative 
frequency cuts through the graph at D50. The particle size distributions of the two 
powders are different. Alumina has a narrow distribution whereas magnesia has a 
bimodal distribution. It was found that the alumina was about 10 times finer than the 
magnesia. The D50 of alumina was about 0.4 µm while that of the magnesia was around 6 
µm. Data relating to particle sizes of the raw material are shown in Table 4.1. 
Table 4.1 Summary of particle size analysis results obtained from a laser scattering 
results magnesia 
AML-R1 
alumina 
AKP50 
Diameter (µm) 
D1o 0.36 0.28 
D5o 5.90 0.40 
D90 19.95 0.66 
Specific surface area (m2 9- 1) 1.32 3.78 
Note: D,.. M. and D. stand for the median diameters at 10,50 and 90 vol 
respectively. 
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Figure 4.3 Particle size distribution of a-alumina AKP50 
powder, 
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Figure 4.4 Particle size distribution of magnesia powder AML-R1 
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Figure 4.5 Frequency curve of cumulative undersize of raw materials 
4.3 Magnesium Aluminate Spinel (MAS) 
4.3.1 Experimental setup 
A stoichiometric powder mixture was prepared from magnesia and alumina 
powders, dry-mixed and then pressed into pellets, each of which was about 25 mm in 
diameter. Pellets were sintered at various conditions in the furnace in an air atmosphere. 
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Sintering temperatures were varied, from 1300 to 1650 °C (at 50 °C intervals) with 
holding time and heating rate kept constant. In order to study the effect of holding time, 
pellets were held in the furnace for 2,4,6 and 8 hours at 1550 T. Also heating rate was 
considered while other conditions were fixed. All samples were left cool in the furnace 
until it reached ambient temperature. 
The properties and microstructure of the sintered samples were examined. 
Density was directly measured using a liquid immersion technique and compared with the 
calculated theoretical density derived from X-ray diffraction information. For density 
determined by liquid immersion, both uncoated and coated samples were considered. The 
densities of the uncoated and coated samples represented a degree of spinel formation and 
densification, respectively. Microstructure was observed using reflected light microscopy 
and scanning electron microscopy. 
Table 4.2 Sintering conditions for MAS study 
Sintering conditions Range of variation 
temperature °C 1300,1350,1400,1450,1500,1550,1600,1650 
holding time (hours) 2,456,8 
heating rate (°C minute-) 1,5,10 
4.3.2 Sintering temperature 
4.3.2.1 Phase content 
XRD patterns of the heated loose powders sintered showed that spinel formation 
may start at a temperature lower than 1300 °C (see Figure 4.6) as spinel peaks were 
already apparent in the XRD trace of the powder sintered at 1300 T. The peaks 
representing free alumina and free magnesia gradually decreased with increasing 
temperature, indicating that the transformation to spinel became more complete at higher 
temperatures. Phase contents estimated from XRD data in Figure 4.6 are shown in Figure 
4.7. The amount of spinel increased from 55 vol% at 1300 °C to 90 vol% at 1650 °C. 
The variation of calculated theoretical density with temperature is presented in Figure 4.8. 
The theoretical density therefore decreased continuously and finally reached 
approximately 3.60 g cm"3 at 1600 T. 
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XRD patterns of nominally stoichiometric spinel in the magnesia-alumina 
powder mixtures sintered at various temperatures with a heating rate of 
5 °C minute-' and holding time of 2 hours 
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Figure 4.7 Variation of phase content in the sintered powder mixture as a function of 
sintering temperature, as derived from XRD patterns in Figure 4.6 
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Figure 4.8 Variation of the calculated theoretical density with sintering temperature, 
(on a basis of phase content in Figure 4.6 and Figure 4.7) 
4.3.2.2 Density 
The measured densities of the uncoated and coated stoichiometric spinel 
samples are compared with the calculated theoretical density in Figure 4.9. The densities 
of the uncoated samples are higher than those of the coated. The density obtained from 
the uncoated samples is the mass per volume including closed pores within the body 
while the density of the coated bodies covers both closed pores and open pores. The 
difference in the two densities becomes smaller with increasing temperature because pore 
removal during densification was enhanced at higher temperatures. It would appear that 
there is a very small amount of open porosity left above 1600 °C as the two densities are 
the same above this temperature. A decrease in the uncoated density reflects increasing 
spinel formation, leading to a lower density product. This indicated a degree of chemical 
reaction between alumina and magnesia. Meanwhile, the coated density increased 
continuously with temperature, representing the densification. It is noticed that the 
density of the uncoated deviates from the theoretical density to a greater extent, as the 
temperature increases. This may be caused by closed pores becoming entrapped in the 
spinel structure. The liquid medium can penetrate the open pores; it cannot get into the 
closed pores. 
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Figure 4.9 Comparison of the measured density of the sintered MAS sample as a 
function of sintering temperature 
4.3.2.3 Microstructural development 
As seen from Figure 4.10, the microstructure was porous and inhomogeneous at 
all temperatures. Within the matrix there were core-shell features that consisted of a 
dense shell surrounding a porous interior. These features were not well bonded to the 
matrix and were often surrounded by a cavity or porosity. The denser shell ranged in 
thickness from 50 to 100 µm. The numbers of the core-shell features and the shell 
thickness were related to the sintering temperatures. Shell thickness increased in a 
parabolic manner with increasing temperatures, as seen in Figure 4.11. This type of 
relationship is indicative of a diffusion controlled mechanism. These features were more 
numerous at low temperatures and decreased gradually in number as the temperature 
increased. The core-shell features were seen in the stoichiometric powders sintered at 
1300 °C, the shell thickness grew inwards towards the centre and finally the features 
tended to disappear at temperatures above 1600 °C (see Figure 4.10(g) and Figure 
4.10(h)). 
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Figure 4.10 Reflected light micrographs of the microstructure of the stoichiometric 
spinel after sintering at various sintering temperatures 
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It was possible that the microstructure contained contaminants arising from 
blending and mixing. It was found that the texture of the milling media changed and 
small chips were missing. After sieving the blend through a 100 µm aperture sieve, a 
small amount of powder and chips the colour of which was the same as the alumina 
milling media were left on the sieve. No such phases were found in the samples prepared 
from the sieved blend. Sieving the powder mixture and blending the powder mixture 
more thoroughly could be another alternative to prevent development of the core-shell 
microstructure. 
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Figure 4.11 Development of the core-shell thickness of spinel samples sintered at 
various temperatures 
As far as the microstructure was concerned, it was found that the compositions 
varied throughout the core-shells. According to the SEM micrograph in Figure 4.12(a), it 
was found that the porous centre of the core-shell feature (at the left on the micrograph) 
was mainly composed of unreacted alumina and a small amount of magnesia while the 
dense shells (on the right-hand side) and matrix were stoichiometric spinel. In the 
sample sintered at 1600 °C, the core-shell features disappeared and were replaced by 
dense spinel accompanied by pore clusters scattered throughout the matrix, as seen in 
Figure 4.12(b). The pores in the clusters were comparatively bigger than the fine pores 
exhibited in the spinel porous matrix. 
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Moreover, AI-Ca-O and/or Al-Ca-Si-O compounds were also detected in the 
dense shell of the features. It was also found that light grey laths were formed in the 
dense regions, as shown in Figure 4.12(d). From EDS, it was revealed that some of the 
laths were an Al-Ca-O based compound whereas others may also contain a very small 
amount of silicon (Si) and magnesium (Mg) 
impurities in the magnesia raw material. 
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Figure 4.12 SEM micrographs of the stoichiometric samples sintered at (a) 1500 °C 
and (b) 1600 °C together with EDS spectra and element analysis of the 
stoichiometric sample sintered at 1600 °C in the area of (c) the porous 
matrix and (d) the laths 
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4.3.3 Holding time 
4.3.3.1 Density 
The density of the samples was not affected significantly by the holding time, 
ranging from 3.20 to 3.30 g cm-3, as shown in Figure 4.13. The differences in density 
were as a result of a better pore removal at longer soaking at high temperature. The 
variation of measured density, however, was quite small. It can be inferred that holding 
time was not a significant factor in the densification of the stoichiometric spinel samples. 
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Figure 4.13 Measured density of the spinel samples owing to holding times 
4.3.3.2 Microstructural development 
For every holding condition, the microstructure contained pores of different 
sizes and shapes. From Figure 4.14, it can be seen that the pore size distribution for the 
2-hour holding time was smaller than that for the 4 and 6-hour holding times. The pore 
coalescence size became more noticeable with increasing holding time. However, it was 
noticed that the 8-hour holding time provided a uniform and fine porous structure with 
less pore link-up and a smaller amount of large pores. 
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Figure 4.14 Reflected light micrographs of the stoichiometric spinel samples sintered 
at 1550 °C for (a) 2 hours, (b) 4 hours, (c) 6 hours and (d) 8 hours 
4.3.4 Heating rate 
4.3.4.1 Density 
Similar to holding time, the changes in density did not vary much with heating 
rate. Density ranged from 3.14 g CM -3 to 3.16 g CM-3 . 
Density and theoretical density are 
displayed in Figure 4.15. 
4.3.4.2 Microstructural development 
The heating rate did not have a significant effect on the microstructure. All 
microstructures were porous and had a number of the dense-shell features within them, as 
shown in Figure 4.16. 
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Figure 4.16 Reflected light micrographs of the microstructures of the MAS samples 
sintered at 1550 °C for 2 hours at (a) 1 °C minute-', (b) 5 °C minute-' and 
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4.3.5 Effect of changing the particle size of the powder blend 
4.3.5.1 Density 
Under the same sintering condition, i. e. sintered at 1600 °C for 2 hours with a 
heating rate of 5 °C minute-', it was found that there was no significant difference 
between the samples derived from the sieved and the unsieved powder mixtures in terms 
of the dimensional changes and sintered density. The values of measured density of the 
coated spinel samples were approximately 3.1 g cm-3. 
4.3.5.2 Microstructural development 
The microstructures of the spinel samples obtained from the different initial 
particle size distributions were shown in Figure 4.17. The spinel prepared from powders 
finer than 74 µm had a uniformly porous structure without the core-shell features whereas 
the spinel prepared form the powders coarser than 74 µm showed pore clustering and 
regions that were much less dense. The as-blend (or the unsieved powder) exhibited the 
combination of the both characteristics. 
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Figure 4.17 Reflected light micrographs of the microstructure of the stoichiometric 
spinel formed from various powders (a) sieved (b) residue that did not pass 
through a 74 µm aperture sieve and (c) as blended mixture. 
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4.3.6 Alumina source 
4.3.6.1 Background 
This section describes a study of spinel formation when another source of 
alumina, namely gibbsite, was employed. It was envisaged that lower sintering 
temperatures for spinel formation, compared with those of a-alumina mixture powder as 
well as superior properties might result. 
Apart from the most stable form alumina (a), alumina also has other 
polymorphic forms such as y, v, 8, i, K, x etc., which arise from different types of 
alumina-rich source materials, methods of production and heat treatments. These are 
called transition alumina. The transition alumina can be amorphous, partially-crystalline 
or crystalline and are in hydrated forms. As far as a crystalline alumina is concerned, 
there are five forms of alumina; gibbsite, bayarite, norstrandite, diaspor and boehmite. 
The metastable forms finally convert to a-alumina at temperatures above 1100 °C, as 
shown in Figure 4.18; some physical properties are shown in Table 4.3. The 
transformation process can be induced by seeding, using a small amount of a-alumina 
(e. g. Ahn et al., 1999). It was reported that these transition alumina can form spinel at 
lower temperatures. il-alumina, obtained from heating bayarite between 300 and 650 °C, 
can form spinel (Santos et al., 2000). Similarly, it was reported that spinel can be 
obtained by sintering the powder mixture of magnesia and y-alumina at comparatively 
lower temperatures, and that a smaller volume expansion and higher sintered density than 
when using a-alumina was achieved and claimed to be beneficial to the spinel formation 
and densification (Zhang and Li, 2005). This can be explained in terms of the crystal 
structure; both phases are cubic, the same as spinel. Moreover, the metastable phase may 
offer higher activity. However, a study found that the 7-alumina precursor resulted in 
poorer spinel formation relative to the a-alumina precursor because there may be two 
mechanisms occurring simultaneously; alumina conversion and spinel formation, and 
hindered the reaction between magnesia and alumina (Mora et al., 2007). 
Gibbsite (AI(OH)3) is the most common transition alumina. It is obtained as a 
by-product in the Bayer process. Generally, alumina-rich sources such as gibbsite are 
mixed with magnesia-rich sources such as brucite (Mg(OH)2) to make refractories. When 
heated, it transforms to x-alumina, x-alumina and finally a-alumina, respectively. The 
60 
Chapter 4: MAS and MMAS Composite Observations 
alumina is in forms of minerals and always contains impurities such as silica and iron 
oxide, and gives a loss on ignition from the hydroxide. Therefore, calcination may be 
necessary before sintering. 
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Figure 4.18 Transformation sequences of alumina hydroxides (after Zhang and Li, 2004) 
Table 4.3 Summary of the physical properties of transition alumina 
phase crystal structure density (g cm-3 starting materials and production 
hexagonal 3.76 gibbsite, 200-700 °C 
K hexagonal 3.72 gibbsite, up to 750-1050 °C 
7 cubic 3.45 boehmite, up to 450-800 °C 
pseudoboehmite (derived form gibbsite) 
b tetragonal - boehmite (via -alumina 
e monoclinic 3.69 boehmite (via b- or -alumina 
amorphous - gibbsite, flash or rapid heating to 700 °C 
cubic - bayarite, 500-800 °C 
gel boehmite 
a hexagonal 3.97 all transition alumina about 1100 °C 
4.3.6.2 Experimental setup 
Two types of alumina powders were employed: a-alumina and gibbsite. The 
original stoichiometric spinel was made from a mixture of AML-R1 magnesia powder 
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and the AKP50 high purity alumina powder, consisting of stable phase a-alumina. The 
other powder precursor containing gibbsite was prepared from a mixture of the same 
magnesia powder and 99.6% purity alumina hydrate (C-301, Pikem Ltd., UK). Both 
powder mixtures were blended in a plastic jar with alumina milling media for 30 minutes 
and sieved through a sieve with 74 µm aperture before pressing. Approximately 2g of 
the blended powder mixture was pressed into pellets with a diameter of 20 mm. About a 
5g of PVA binder was added to bind the loose powder blend. Pellets were sintered at 
temperatures of 700,800,900,1000,1100,1200,1300 and 1400 °C in an air atmosphere. 
Phase content of the sintered products was examined by X-ray diffractometer at 20-60°. 
Phase fraction can be estimated from the strongest peaks of each phase. Density and 
microstructure were examined by means of liquid immersion and microscopy, 
respectively. 
4.3.6.3 Powder characterization of gibbsite raw material 
The XRD pattern in Figure 4.19 confirmed that the alternative alumina powder 
was gibbsite. Particle size and particle size distribution were also examined; these are 
shown in Table 4.4 and Figure 4.20, respectively. The mean particle size of gibbsite was 
about 1.50 µm, three times greater than that of the a-alumina. 
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Figure 4.19 XRD pattern of Al(OH)3 gibbsite powder 
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Table 4.4 Particle size analysis obtained from laser scattering technique 
results magnesia 
AML-R1 
alumina 
AKP30 
gibbsite 
Al(OH)3 
Diameter (µm) 
D1o 0.36 0.28 0.35 
D50 5.90 0.40 1.49 
D9o 19.95 0.66 3.30 
Specific surface area (m2 g 1) 1.32 3.78 2.87 
Notes: Ufo, ll50 and D are percentage volume median diameters 
20 
AI(OH)3 
15 
\° 0 
10 
Ö 
>I 
5 
oTr 
0.1 1 10 100 
particle diameter (µm) 
Figure 4.20 Particle size distribution of Al(OH)3 gibbsite powder 
4.3.6.4 Phase content 
Figure 4.21 shows the XRD peaks of the gibbsite-precursor stoichiometric 
powders sintered from 700 to 1400 °C. It was found that x- and x-alumina were present 
below 1000 °C. The a-alumina and spinel peaks were seen above 1000 °C whereas those 
of magnesia become smaller at 1200 T. It can be inferred that neither x- nor x-alumina 
reacted with magnesia or only partially reacted with magnesia at lower temperatures. The 
rest converted to a-alumina at higher temperatures. This was supported by observations 
of sintered pellets, which were very brittle due to no chemical bonding being generated 
during sintering. This finding agreed with a study reporting that spinel was formed in a 
mixture of magnesia and gibbsite powders sintered at 1100 °C but it was incomplete 
spinel formation when compared with a mixture containing calcined alumina (Mora et al., 
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2007). In contrast, the spinel formed from a-alumina precursor stoichiometric powders 
showed spinel phase formation at low temperatures and the peaks were more pronounced 
at higher temperatures, as show in Figure 4.22. 
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Figure 4.21 XRD pattern of the stoichiometric gibbsite-containing sintered powder 
Using the XRD patterns of both sintered powders, the phase contents of spinel 
and other constituents were estimated. Figure 4.23 shows a comparison of spinel content 
present between 900 and 1400 °C. The spinel content in the gibbsite precursor was 
slightly greater than the a-alumina at temperatures lower than 1200 °C. It can be inferred 
that gibbsite in the form of K-phase alumina may react with magnesia; however, the 
reaction was not complete. The amount of spinel formed in the a-alumina precursor 
mixture became greater than the gibbsite one at higher temperatures. The K-alumina 
conversion to a-alumina and the spinel reaction occurred simultaneously. The conversion 
of K-phase to a-phase alumina dominated at 1200 °C then the converted a-alumina 
reacted with magnesia to form spinel later. The combination of several reactions 
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including alumina transformation and spinel formation may result in less spinel content at 
higher temperatures. 
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Figure 4.22 XRD pattern of the stoichiometric a-alumina-precursor sintered powder 
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Figure 4.23 Variation of spinel content in the a-alumina precursor and the y-alumina 
(gibbsite) precursor sintered samples as a function of sintering temperature 
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4.3.6.5 Density 
Unlike sintered a-alumina precursor samples, gibbsite samples contained cracks 
throughout the pellet after sintering. Those that remained intact were very brittle due to 
binder burnout and less reaction between the powders, resulting in a very low fired 
strength. Thus, density measurements could not be achieved for gibbsite precursor 
sintered samples. However, gibbsite precursor pellets sintered at 1400 °C contained 
spinel and were stronger than those sintered at lower temperatures. 
4.3.6.6 Microstructural development 
The brittleness due to incomplete chemical reaction resulted in handling 
difficulties for density measurement as well as microstructure observation. The inability 
to produce a reasonably dense sample prevented further study and the project to find an 
alternative source of alumina was discontinued. 
4.3.7 Summary on observations of the MAS material 
A mixture of magnesia and alumina powders begins to convert to spinet at 
temperatures up to 1000 °C with the degree of spinel formation increasing at higher 
temperatures. Core-shell features were present in sintered MAS samples prepared from 
unsieved powders. The shell became thicker with increasing temperature until the core 
disappeared at 1600 °C. Core-shell features can be reduced by sieving the powder blend 
before making pellets. Therefore, sieving to remove contaminants arising from milling 
and to deagglomerate the powder particles is recommended. Holding times as well as 
heating rates seemed not to be a significant factor for spinel formation. The use of a 
gibbsite precursor did not give advantages for spinel formation over a-alumina. 
Therefore, further experiments will continue using the same source of alumina, a- 
alumina. According to the observations in this work, the best conditions for making 
spinel are heating at 5 °C minute-' to 1600 °C then holding for 2 hours, all in air. This 
schedule will be used in further experiments. 
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4.4 Magnesia-Magnesium Aluminate Spinel (MMAS) 
Composites 
4.4.1 Overview 
Many parameters influencing the characteristics of non-stoichiometric spinel 
(MMAS) were investigated. Such parameters included chemical composition and 
manufacturing process. Firstly, the chemical composition of the starting powder mixture 
was varied from pure alumina to pure magnesia and then, a magnesia-rich composition 
was examined in more detail. MMAS samples of similar compositions prepared from 
different initial powders were made and compared. Apart from conventional MMAS 
obtained from a sintered powder mixture of magnesia and alumina (in situ process), 
preformed MMAS made from a combination of sintered magnesia and fused spinel was 
studied. Further, porous MMAS composites were made through the addition of corn 
starch. 
4.4.2 Degree of non-stoichiometry 
4.4.2.1 Experimental setup 
Studies concerning the degree of non-stoichiometry focused on the final 
chemical composition, the density and the microstructural development of the magnesia- 
magnesium aluminate composites. Non-stoichimetric samples were prepared from a 
powder mixture of magnesia AML-R1 and a-alumina AKP50. The proportions of the 
starting powder mixture were varied from alumina-rich to magnesia-rich, as shown in 
Table 4.5. The powder mixtures were dry-mixed in a plastic jar with alumina milling 
media for 30 minutes. No binders or sieving were employed before powder shaping. The 
blended powder was pressed into pellets with diameters of 20 mm, followed by sintering 
at 1600 °C for 2 hours in an air atmosphere. Phase content of each composition was 
characterized by XRD. The density of the non-stoichiometric samples was directly 
measured using a liquid immersion technique. Microstructural development was also 
investigated. 
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Table 4.5 Starting compositions of the non-stoichiometric powder mixtures 
starting mol% magnesia : alumina 
composition magnesia mole ratio weight ratio 
0 pure a lumina 
10 1: 9 4.2 : 95.8 
alumina-rich 20 1: 4 8.991.1 
30 1: 2.3 14.4: 86.6 
40 1: 1.5 20.7: 79.3 
stoichiometric 50 11 28.271.8 
60 1.5 :1 37.0: 63.0 
70 2.3 :1 49.8 50.2 
magnesia-rich 80 41 61.1: 38.9 
90 9: 1 77.9: 22.1 
100 pure magnesia 
4.4.2.2 Phase content 
The XRD patterns in Figure 4.24 are from the sintered blends of alumina- 
magnesia, ranging from 10 mol% to 90 mol% magnesia. The blends contained up to 
three main phases: magnesia (periclase), a-alumina and spinel. For the alumina-rich 
compositions (10 to 40 mol% magnesia), spinel and free alumina were detected. The 
height of the spinel peaks became more obvious while those of the free alumina become 
smaller with increasing magnesia content. The peaks of the stoichiometric composition 
(60 to 90 mol% magnesia) showed spinel phase only. As for the magnesia-rich 
compositions, the peaks of magnesia increased as the spinel peaks gradually decreased 
with increasing magnesia and the spinel peaks nearly disappeared at 90 mol% magnesia. 
Figure 4.25 presents the estimated phase content of spinel, magnesia and 
alumina derived from XRD patterns seen in Figure 4.24. More than 90 vol% of spinel 
was present in a powder mixture with a stoichiometric composition (50 mol% magnesia 
and 50 mol% alumina). Excess alumina and excess magnesia were also found in 
alumina-rich and magnesia-rich compositions, respectively. It was also found that there 
was still unreacted alumina in magnesia-rich compositions, and vice versa. This was 
caused by incomplete spinel formation at 1600 °C. However, fairly good quality spinel 
samples can be obtained at this sintering temperature. 
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Figure 4.24 XRD patterns of the sintered non-stoichiometric powder mixtures 
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Figure 4.25 Phase content of spinel, magnesia and alumina derived from XRD peaks of 
the non-stoichiometric spinel sintered at 1600 °C 
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4.4.2.3 Density 
The theoretical densities of the non-stoichiometric compositions depend on the 
starting constituents and the degree of reaction. Those of the non-stoichiometric spinel 
were calculated using two different methods: using data from XRD patterns and using a 
simple ROM. These two theoretical densities are compared in Figure 4.26. Both 
approaches showed the same trend but a slight difference between them can be seen. 
The phase content of the sintered samples estimated from XRD peaks using 
Equation 3.1 was used to determine the theoretical density of the samples. Densities of 
pure alumina, pure spinel and pure magnesia were taken as 3.97,3.60 and 3.58 g cm-3, 
respectively. When alumina reacts with magnesia, the alumina fraction decreases and a 
lower density product is formed. The difference in density between alumina and spinel 
results in a sharp decrease in density. The densities of magnesia and spinel are 
comparatively close to each other, so the calculated theoretical density values of the 
magnesia-rich compositions only vary slightly. The theoretical density using ROM was 
calculated, assuming that spinel formation was complete. 
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Figure 4.26 Comparison of calculated theoretical densities derived from XRD peaks 
and constitutional-based ROM of the non-stoichiometric spinel sintered at 
1600 °C 
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The measured densities of the coated non-stoichiometric samples are shown in 
Figure 4.27. It was noticed that the measured values were less than the predicted 
densities, meaning that the sample contained porosity in the structure. The difference was 
more apparent for the magnesia-rich composition, indicating that they are more porous 
than the alumina ones. 
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Figure 4.27 Measured densities of the sintered non-stoichiometric powder mixtures 
4.4.2.4 Microstructural development 
The microstructures of the non-stoichioimetric spinel are shown in Figure 4.28, 
with alumina-rich on the left and the magnesia-rich are on the right. It can be seen that 
both magnesia-rich and alumina-rich compositions contain a porous matrix with separate 
phases or core shell features. The core-shell features became more distinct at the higher 
magnesia concentrations, being almost indistinguishable at 10 mol% magnesia but very 
clear above 60 mol% magnesia. Additionally, the degree of debonding from the matrix 
and/or cracking was greater at the higher magnesia concentrations. 
In the alumina-rich compositions, the core-shell features in 10 mol% magnesia 
(see Figure 4.28(a)) were not clearly seen compared with the higher magnesia content 
samples in which there were patches bounded by dense shells (see Figure 4.28(b) to 
4.28(d)). These features were composed of the porous cores (dark area) and the dense 
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shells (brighter area) surrounded by porous matrix. The magnesia-rich composition 
showed remarkably different characteristics, as shown in Figure 4.28(e) to 4.28(h). Core- 
shell features varying in size and shape were distributed in the porous matrix. Some had 
porous cores; others had dense-centres with a cavity separating the dense shell and the 
dense core area. Moreover, cativies around the features together with transgranular 
cracking were observed. It was also found that the density and distribution of the features 
in the matrix was lower with the higher magnesia content. 
The shell thickness varied with temperature, but not composition. The amount of 
magnesia in the powder mixture influenced the distribution of the features rather than the 
thickness of the shell Figure 4.29(a) shows the core-shell features of the alumina-rich 
composition. For the magnesia-rich compositions, it was mentioned previously that there 
were two different core-shell features; one with dense cores surrounded by connected 
pores or cavities and the other with cavities at the -centre, as shown 
in Figure 4.29(b). 
According to SEM images and EDX results, the core-shell features can be seen 
in all of the samples with non-stoichiometric composition. However, the characteristics 
of these features varied with magnesia content. In the alumina-rich composition, the 
porous cores and the dense shells were identified as alumina and alumina-rich spinel 
consisting of 42-43 wt% Al, 10-12 wt% Mg and 46-47 wt% 0, (see Figure 4.30(a)). At 
the centre of the features was unreacted alumina. In contrast, the microstructure of the 
magnesia-rich composition consisted of core-shell features, of which the shell 
composition was near-stoichimetric spinel, in a porous magnesia matrix, as shown in 
Figure 4.30(b). 
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Figure 4.28 Reflected light micrographs of the microstructures of the non-stoichiometric 
spinel samples sintered at 1600 °C with various magnesia contents 
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Figure 4.29 SEM micrographs of the (a) alumina-rich composition (40 mol% magnesia) 
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Figure 4.30 Backscattered SEM micrograph of (a) dense-centre core-shell feature and 
(b) EDX spectra of the light grey area in a specimen containing 70 mol% 
magnesia sintered at 1600 °C 
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4.4.3 In situ MMAS and preformed MMAS 
4.4.3.1 Overview 
This section focuses on the characteristics of MMAS composites made from 
powders from different manufacturing processes: in situ process and preformed process. 
The MMAS composites were prepared with the same chemical composition and using the 
same thermal history. 
4.4.3.2 Experimental overviews 
The magnesia-rich spinel composites from different starting powders were 
prepared to give the same final chemical composition. From Table 4.6, the preformed 
MMAS powder was composed of approximately 70 wt% magnesia and 30 wt% alumina. 
To achieve a similar composition to the preformed powder, a powder mixture of 70 wt% 
magnesia and 30 wt% alumina was prepared. Slight differences in composition may be 
found due to variations in the amounts of impurities. The powder mixtures were sieved 
through 200 mesh (74 µm aperture) sieve and mixed with a PVA binder and fish oil and 
ground using a mortar and pestle before being pressed into pellets and sintered at 1600 °C 
for 2 hours. The phase and chemical compositions of the specimens was verified by XRD 
and EDS area scan. The densities of the samples were directly measured by liquid 
immersion. Microstructural development was examined using unetched and thermally 
etched samples and reflected light microscopy and SEM. 
Table 4.6 Chemical composition of the preformed MMAS powder* 
oxides composition (wt%) 
Si02 0.04 
A1203 30.24 
Fe203 0.03 
CaO 0.32 
MO 69.36 
* data from United Ceramics Limited, UK 
4.4.3.3 Phase content 
The composition of both powders sintered at 1600 °C for 2 hours was estimated 
by XRD peaks. XRD showed that both magnesia (periclase) and spinet were in the 
sintered powders, as shown in Figure 4.31. The relative intensities of the two powder 
mixtures were not exactly the same. Peaks corresponding to magnesia in the preformed 
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MMAS samples were slightly lower than those in the in situ MMAS sample (magnesia 
contents of 75 vol% and 78 vol%, respectively). Spinel contents of the in situ MMAS 
and the preformed MMAS samples obtained from the peaks were approximately 25 vol% 
and 22 vol%, respectively. A very small amount of unreacted alumina may remain in the 
in situ MMAS, however, peaks corresponding to alumina were absent due to the lack of 
sensitivity of XRD to very small quantities. Thus, any unreacted alumina in the in situ 
MMAS is neglected, while in the preformed MMAS it is assumed that there is no free 
alumina because of the manufacturing process (spinel is presynthesized and added into 
magnesia; therefore all alumina existing in the structure should be in the form of spinel). 
The chemical composition of the two mixtures was verified by EDS area scan. 
The outcomes are reported in terms of wt% element in the areas of interest. Such areas of 
interest were randomly selected throughout the unetched microstructure. The values of 
wt% element were converted to volume fraction. The concentrations of minor elements 
such as calcium (Ca) and silicon (Si) were very small and therefore were ignored. The 
amount of aluminium (Al) was used to calculate the spinel content; it was assumed that 
all of the alumina had converted to spinel as no alumina was seen in the XRD traces (This 
means that either no or only a very small amount of alumina was present). The content of 
magnesia and spinel in both powders can be seen to be similar, as shown in Table 4.7. 
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Figure 4.31 XRD patterns of the sintered in situ MMAS and the preformed MMAS 
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Table 4.7 Average area scan EDS results of the MMAS composite microstructures 
elements/oxides normalized elements 
(wt%) 
normalized oxides 
(vol%) 
in situ preformed in situ preformed 
Mg / MgO 39.3 ± 1.7 39.5 ± 4.2 64.1 63.8 
Al / MAS 18.4 ± 1.6 19.1 ± 3.7 34.0 34.9 
O/- 41.3 ± 0.7 40.6±2.0 - - 
Ca/CaO 0.6±0.1 0.4±0.3 1.1 0.7 
Si/Si02 0.5 ± 0.1 0.3 ± 0.2 0.8 0.6 
4.4.3.4 Density 
The values of the volume contents of magnesia and spinel were used to calculate 
the theoretical density of the samples. No significant difference was found even though 
the estimated phase content obtained from XRD peaks was different, as the densities of 
magnesia and spinel are very similar (3.58 g cm-3 and 3.60 g cm-3, respectively). The 
calculated theoretical density of the MMAS samples was approximately 3.59 g cm-3. 
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Figure 4.32 A comparison of measured densities of the in situ MMAS and the 
preformed MMAS samples 
The densities of the in situ MMAS and the preformed MMAS were measured and 
compared, as shown in Figure 4.32. The uncoated densities of both samples were very 
similar, which is indicative of the similarity in degree of spinel formation. However, the 
coated samples showed a significant difference in density. The preformed MMAS had a 
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much lower density, presumably due to a lack of chemical reaction between the 
constituents. The constituents of the preformed powder mixture were magnesia and 
fused spinel. This is likely to have made the mixture chemically inert. Therefore, 
densification probably did not occur to such as extent as in the in situ mixture. 
4.4.3.5 Microstructural observation 
There was a difference in density and microstructure according to the 
manufacturing process. It can be seen from the SEM micrographs of unetched samples 
that MMAS composites prepared from the preformed process contained more pores 
(black area) compared with the in situ mixture, as shown in Figure 4.33. This is 
consistent with a difference in the density values. In situ MMAS had a dense and 
continuous solid phase of magnesia (dark grey) and spinel (light grey), associated with 
isolated and randomly size-distributed pores. Preformed MMAS showed a solid skeleton, 
either magnesia or spinel, surrounded by connected pores. A small amount of magnesia 
was embedded in spinel particles, whereas impurities were situated in magnesia. 
Figure 4.33 Backscattered electron micrographs of unetched MMAS samples prepared 
from (a) in situ powder mixture and (b) the preformed powders 
The chemical composition of each phase contained in both MMAS 
microstructures was examined using area scan EDS analysis. When compared to the 
ideal compositions of pure magnesia and pure spinel (based on the chemical formula), it 
was found that these structures consisted of magnesia (dark grey) and spinet (light grey), 
as shown in Table 4.8. Other areas such as bright spots along the grain boundaries or 
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within grains were impurities in the starting powders and were neglected. The results 
show that the spinel phase in both types of the MMAS samples has the same 
stoichiometry. 
Table 4.8 Average area scan EDS results of MMAS microstructure 
l fi norma lized wt% e lement samp e nterest area o Mg Al 0 
in situ MMAS light grey 16.9 37.9 45.2 
dark grey 59.9 n/a 39.8 
preformed MMAS light grey 16.9 37.9 45.2 
dark grey 59.1 n/a 39.2 
pure magnesia - 60.0 - 40.0 
pure spinel - 16.9 38.0 45.1 
4.4.4 Porous MMAS bodies 
4.4.4.1 Experimental setup 
Both in situ MMAS and preformed MMAS were prepared as porous composites 
Porosity in the microstructure was generated by corn starch additions; pores were left due 
to starch burnout during the sintering process. In order to study porous MMAS, corn 
starch was added into the in situ powder mixture and the preformed powder mixture at 
values of 0,5,10 and 20 wt%. The pore-containing pellets were processed as previously 
then sintered at 1600 °C for 2 hours. 
4.4.4.2 Characterization of corn starch 
The particle size analysis of the corn starch showed that it had a narrow 
monomodal distribution as shown in Figure 4.34. According to the cumulative undersize 
curve in Figure 4.35, the D50 or average particle size was 15 pm, approximately. 
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Figure 4.34 Particle size distribution of corn starch S4126 
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Figure 4.35 Frequency curve of the cumulative undersize of corn starch S4126 
4.4.4.3 Density 
The densities of the in situ MMAS and the preformed MMAS were measured 
and compared with theoretical density, assuming that corn starch generates pores and no 
shrinkage of these pores occurred during sintering. However, the densities of the porous 
samples were lower than the calculated theoretical values because pores also form 
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according to powder processing. It can be seen in Figure 4.36 that the density of both 
MMAS samples decreased continuously with increasing starch content. However, the 
density of the preformed MMAS was lower than that of the in situ MMAS for any given 
starch addition. This supports the finding in the last section concerning the more porous 
structure of the preformed MMAS. 
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Figure 4.36 A variation of measured densities as a function of pore content 
4.4.4.4 Microstructural development 
The microstructure of the porous MMAS bodies was investigated using the 
etched samples. The microstructure of the in situ MMAS had a variation in grain size and 
a distribution of both constituent phases can be seen. It can be seen that pores were found 
in both MMAS samples even when no starch was added. This indicates that pores were 
generated during powder processing. When adding corn starch into both powder 
mixtures, pore content became greater as a function of starch content. The shapes of the 
spinel grains in the in situ mixture, as shown in Figure 4.37(a), were rather equiaxed and 
became smaller with increasing pore content. The grains of the magnesia phase and the 
spinel phase in the preformed MMAS structure in Figure 4.37(b) were comparatively 
irregular and more inhomogeneous. Pore connection occurred as higher starch content. 
While the microstructure of the preformed MMAS was less dense the solid phases were 
still connected. 
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Figure 4.37 Backscattered electron micrographs of the etched samples of (a) the in situ 
MMAS composites and (b) the preformed MMAS composites, without 
corn starch addition. 
4.4.5 Summary of observations of the MMAS composites 
The characteristics of the non-stoichoimetric spinel materials are strongly 
dependent on the starting chemical composition. Alumina-rich compositions tended to 
provide denser structures compared with the magnesia-rich ones. Core-shell features can 
be seen in both compositions. In magnesia-rich compositions, the impurity elements were 
located at the centre of the core-shell. Such core-shell features may be eliminated by 
sieving and homogeneity improved by blending powders using a PVA binder. This 
study also shows that MMAS composites with the same chemical composition can 
provide different microstructural features. The in situ MMAS composites prepared from 
magnesia and alumina powders has a denser structure and more even grain and phase 
distribution, compared with the preformed MMAS composites. 
4.5 Summary 
The factors influencing phase content, densities and microstructural 
development of the magnesium aluminate spinel (MAS) and its non-stoichiometric 
compositions (MMAS) have been examined. The stoichiometric spinel was prepared in 
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order to study spinel formation, showing that the sintering temperature was the most 
important factor, while other sintering parameters were less significant. A temperature of 
1600 °C was sufficient to make spinel from a mixture of magnesia and alumina powders 
through solid state sintering, and this was used for further sample preparation. Gibbsite 
can be another alumina-rich source for making spinel. However, using gibbsite was not 
beneficial compared with the conventional source a-alumina. The properties and 
microstructural development of the MAS and MMAS composites depended strongly on 
the chemical composition of the starting powder mixture. Magnesia and alumina content 
alter the final microstructure by varying the spinel content. The density of the sample 
decreases continuously with increasing magnesia. MMAS composites of similar 
chemical composition prepared from different starting powders provide different densities 
and microstructural development. 
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CHAPTER 5 
Quantification of Microstructures 
of Multiphase Materials 
5.1 Introduction 
This chapter reviews the methods used to quantify a multiphase structure. It is 
divided into two parts. The first part presents the background knowledge associated with 
the determination of phase contiguity. A simple structure is used to examine some 
parameters that may influence or be sensitive to the microstructural quantification. Such 
parameters include the characteristics of the test line arrays and the reliability of the results 
due to the selection of random sites of interest over the structure. Further, an evaluation of 
the two approaches used for contiguity estimation, intercept counting and the volume 
fraction and grain size method, is carried out. The second part concerns the quantitative 
analysis of actual microstructures of the MAS and MMAS composite materials. Not only is 
the phase contiguity considered, but ways to obtain information on phase content, based on 
microstructure quantification, are explained in more detail. 
5.2 Quantification of Idealised Microstructures 
5.2.1 Overview 
In order to estimate the connected nature of a complicated microstructure, it is 
necessary to understand the sensitivity of the parameters involved in the contiguity 
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evaluation. These parameters include the characteristics of the test lines, the variation of 
contiguity according to the test line arrays, together with the factors relating to the other 
minor phase in the structure. To simplify the investigation of such parameters, a number 
of idealised two-phase structures are employed. 
5.2.2 Idealised microstructure 
An idealised structure was made from a number of square grids, consisting of 
two phases: a major phase (matrix) and a minor phase, as shown Figure 5.1. The matrix 
represented a continuously connected solid phase. A minor phase was considered as a 
completely isolated pore phase. This microstructure offered simplicity by assuming that: 
(a) The particle size of the solid matrix did not depend on the presence of the minor phase. 
(b) The particle size of the minor phase was exactly the same throughout one structure. 
(c) The particles of the minor phase were distributed in an even and ordered manner. 
(d) There was perfect interfacial bonding between the matrix and the particles. 
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Figure 5.1 Idealised grid microstructure: solid matrix (white) and pores (grey) 
Each field contained 34 grids x 54 grids (1836 grids in total). The size of a grid 
was 5 mm x5 mm. The grain morphology of both phases was square-shaped. The grain 
size of the solid matrix was equal to the size of a grid whereas that of the pore phase was 
varied. The square-shaped grains were then converted to circles on the basis of 
equivalent area, so that the average grain diameters could be determined. A difference in 
grain size of the two phases was defined as a grain size ratio, R, indicating a ratio of pore 
diameter to solid phase diameter. 
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Table 5.1 Grain size ratio in the idealised microstructures 
number of grids equivalent diameter (mm) pore size R 
per pore solid pore 
1 5.64 pore = matrix 1 
4 11.28 pore = 2xmatrix 2 
9 5.64 16.92 pore =3x matrix 3 
16 22.57 pore = 4xmatrix 4 
25 28.21 ore = Sxmatrix 5 
Each idealised structure contains various amounts of porosity, depending on the 
number of pores and the pore size. The volume fraction of pores can be increased by 
increasing the number of pores when the pore size is fixed and vice versa, as the example 
shown in Figure 5.2. The relationships between pore fraction (fp), grain size ratio (R) and 
the number of pores per unit area or pore density (n) in the idealised structures for this 
investigation are shown in Figure 5.3. 
L1 _I_ 
LJL1 
-I_ J. 
J_ L 1- 
1111111III1I1 
T 1- rT -1- r1-rTr1r T- 
"1 J-Na-1-L4 -L1. I_1-J_LL- 
I 1_ 1_1 11 1_1_ 1 
1I1II111111III 
-I - r, - rr 1- r 7- r r- "r -1 -rT 
" F-I-I-+-1-I- i-1-4- -1-I--I 
I 
_I _ 
I_ I 
_I _II_I1 
I_ 1 
1111111 
-r1 -I- r1T -r r 1_ r 
4 -1- I- i -1- F H- 1- 4 -I- i- -I- 1- 4- 
L1 
_L 
J_ L1 
_I_ 
LJL 1- 
11111I I1 III1 
T -I -r1 -I- r l- rT -1- r -- rT- 
" "1 -4 -1-} -1-I--I-L 1 _I- I-J. 
_1 _I _ 
1_ 1 
_I _1 
1_ 11 
_I _1 
1_ 11 
111111111111 
increase pore density (n) 
+-- P- t -I - f- + -I -f-- I- I- .4_ I- 
IJ_L1J1LJiJ 
IIIII1I11II11I 
'Tl -i r -- I- T -- rT -I -rT -1- 
.aJ_ I_ 4J_ I_ J_ 1- 4L4 _I _ 
II_II11111I1111 
"r1-I-r 1-I-r 1-rT-I-r T-1- 
f -4-I- F -4-I- t -4-I-+-I-L+-I- 
1I1111111111II 
r1-1-rlri-I-r"1-rIT 1- 
+I -' + -I -H+ -1- 1- - -1- L -4 -1- 
1J_L1L£I_LJJ_ I_ 
11 1I1I11111111 
T1-rT1-r T-1-rT r1-i- 
A. .4 -I- ti -4 -: - 4. J _I_ 4-I-L 4 
1I1111 I_ 1 I_ 111 
7_ 1111111 
11 vol% pore content 
R=1 
n=25 
7 vol% pore content 
R=1 
n=16 
increase pore size (R) 
Or -I- rT -I -1--i- r -I 1 -: -r 1-rri 
_I -Ly J- L1 J- L1 -1- L-I--Ld 
111 
_I 
11111 1_ 11II1 
1IIrI1 -T 1111r 
-I- -T-i-r t- -1-1-I-I- J-1-r1 
J- L1 J- LL J_ L1 I- L4 
_I_I_ 
jI 
_I_ 
I I_ I1 
_I_ 
1I 
_1 11III111I11III 
'-I -rT -1 -rr 1- rT -1- r- I- r1 
J -1- r -4 -1- 1-4-1- LJ- I- 
1 -I -L+ 
_I 
1II I_I I_I- LJI 
11 1 Ir 11 11 1 11 I 
-i i-1-1-r1-r r1 
_I-L4-1-L 
1 J_ LJ -I_ 1 
J_L LJ 
_ 
I_ 11 
_I _11 
1_ I 1_ I_ 1 1_ 1 
11111111111111 
-IýrT 1-1"11-r Y-I-r1-I-r1 
. I-L+-1-L1 J_ L4 -1-4 
J 
_L LJ 
28 vol% pore content 
R=2 
n=16 
Figure 5.2 Schematic showing the pore content as a function of grain size and pore 
density in an idealised (grid) microstructure. It should be noted that this is 
an illustrative example and that there is no relation between this grid 
structure and others used in this work. 
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Figure 5.3 Pore content as a function of grain size and pore density in an idealised 
microstructure used for the phase contiguity study. 
5.2.3 Evaluation of the solid contiguity 
Phase contiguity of a two-phase microstructure can be conventionally 
determined using one of two approaches: (i) linear intercept method or (ii) volume 
fraction and grain size based method, as mentioned previously in Chapter 2. 
Conventionally, phase contiguity was introduced for a two-phase mixture without 
porosity. This concept can be applied to the pore-containing structure by considering 
pores as the minor phase, except that there are no internal boundaries between the minor 
phase particles. Therefore, only the degree of connection of matrix phase can be 
determined, termed as "solid contiguity" (Csorrd)" 
The linear intercept counting method can be directly applied over the structure. 
The idealised two-phase microstructure containing a solid matrix and a pore phase offers 
only the possibility of assessing contiguity of the solid. This is because there are no 
boundaries within the pore phase itself. Intersections due to the grain boundaries in the 
solid phase (NSS) and the phase boundaries between solid and pores (Nsp) with the test 
line arrays were counted. Solid contiguity can be obtained from a modified Equation 2.8: 
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Csorid 2Nss - 2Nss + NsP 
Eqn 5.1 
Apart from intercept counting, the solid contiguity in an idealised microstructure 
can be determined using the volume fraction and grain size information. Volume fraction 
of the pore was obtained from the ratio R, the number of grids occupied by the pore phase 
to the total number of grids (1836 grids). Based on Equation 2.11, solid contiguity is: - 
Csorrd - . 
fs R 
. 
fsR + fP 
when fs and f, represents volume fraction of the solid and the pore, respectively. 
5.2.4 Characteristics of the test lines 
Eqn 5.2 
Intercept counting was carried out using both circular and straight test lines, 
with a total length of 500 mm. Each set of circular test line arrays was composed of three 
concentric circles with a total circumference length of 500 mm. The diameters of the 
three circular test lines were 26.53,53.05 and 79.58 mm (see Figure 2.3). A set of 
straight lines comprises four separate lines; two 100 mm test lines and two 150 mm test 
lines randomly located over the field of interest. To achieve intercept counting, where the 
line cut through the grain or phase boundary was counted as 1 whereas the points where a 
test line cuts through a grain junction were counted as 1.5. Where the end of the test line 
meets a grain boundary was counted as 0.5. If the circular test lines were applied, there 
were no ends. Only where the test lines cut through grain boundaries and grain junctions 
were to be considered as 1 and 1.5, respectively. 
The values of the solid contiguity calculated by linear intercept counting using 
straight and circular lines are reported in Figure 5.4. It was shown that the values 
obtained from circular and straight test lines were slightly different. The values of solid 
contiguity derived from straight test lines were smaller than those obtained from the 
circular ones. The number of intercepts counted between solid-solid and solid-pore 
presented as (Nss, Nsp) of each grain size ratio and pore content are shown. The 
difference in the solid contiguity between the two test line arrays may come from the 
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number of intercepts counted. The accuracy of the measurement, shown as the error bars, 
may also vary according to the number of intercepts counted and the position of the test 
line arrays randomly located on the structures. One of the drawbacks of using straight 
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Figure 5.4 Comparison of solid contiguity derived from linear intercept counting 
using straight and circular test lines for two grain size ratios (a) R=1 
and (b) R=2 
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test lines to evaluate the phase contiguity was the ends of the test lines. These ends can 
alter the number of intercepts, especially when they end at grain boundaries or junctions 
where grains or phases meet. As for the circular test lines, effects related to the ends of 
the lines were eliminated. The set of concentric circles is likely to cover the 
microstructure due to the pattern of the test line array and the continuity of test lines. 
This is likely to give more accurate outcomes. Therefore, it was decided to employ a set 
of circular test lines rather than straight lines when using linear intercept methods to 
assess the connected nature of the phase. 
5.2.5 Position of the test line arrays 
A variation in solid contiguity according to the position of the concentric test 
line arrays was observed. Ten sets of circular test lines were drawn on each idealised 
microstructure. The centre of each set of the circular test lines were put randomly over 
the grid structure. The number of intercepts of circular test lines was counted; the solid 
contiguity was calculated and then compared. This study covered the grid structures 
containing porosity of 8 vol%, 16 vol% and 32 vol% for R=1, together with an idealised 
structure containing porosity of 9 vol% , 17 vol% and 32 vol% for R=2. The variation in 
the number of intercepts counted as well as solid contiguity was considered using 
standard deviation. Table 5.2 shows how solid contiguity varies with position of the test 
line arrays. It can be seen that the number of intercepts counted is slightly different for 
each random set for circular test lines. The solid contiguity values vary over a small 
range and the standard deviation is also comparatively low. This suggests that the 
position of the test lines on the microstructure does not have any significant effect on the 
evaluation of the phase contiguity. 
However, the variability in the number of intercepts counted as well as the solid 
contiguity may depend on the nature of the multiphase microstructure. Solid contiguity in 
an actual multiphase structure may be different from the idealised one due to the 
randomly distributed structure, especially in a particulate composite in which the 
reinforced particles are randomly oriented. 
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Table 5.2 A variation in the number of intercepts counted and solid contiguity due to 
the location of the test line array on the idealised structures 
5.2.6 
grain size 
ratio 
pore content 
(vol%) 
N .. N., C' . 
8 108±8 23±8 0.91 ±0.02 
R=1 16 97± 10 37± 13 0.84±0.05 
32 71 ±8 76±5 0.65±0.03 
9 107±4 12±1 0.95±0.01 
R=2 17 88±6 23±2 0.88±0.01 
32 71±4 45±3 0.76±0.02 
Volume fraction of the minor phase 
To examine solid contiguity as a function of pore fraction, different amounts of 
pore content were employed while the grain sizes of the solid matrix and the pores were 
kept constant. Figure 5.5 shows the values of phase contiguity as a function of volume 
fraction of pores. The values decreased continuously with increasing pore content. 
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Figure 5.5 Solid contiguity as a function of pore content when R=1 and R=2 
5.2.7 Size of the minor phase 
Solid contiguity of an idealised structure as a function of the size of the pore 
phase is shown in Figure 5.6. Other parameters such as matrix size and pore density in a 
field of interest were fixed. A larger pore size leads to greater pore fraction and a less 
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continuous matrix. However, the solid contiguity tends to decrease with increasing pore 
size in a parabolic manner. 
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Figure 5.6 A variation of solid contiguity as a function of pore size (n=39) 
5.2.8 Comparison of the approaches used to determine the phase 
contiguity 
The solid contiguity of the idealised structure can be derived from the linear 
intercept method or calculated from the volume fraction and grain size of the constituent 
phases. For the latter approach, the idealised structure provided such information in 
terms of the pore density (n), grain size ratio (R) and pore content (see Figure 5.3). The 
comparison of solid contiguity obtained from different approaches when varying the pore 
density for fixed grain size ratios are shown in Figure 5.7(a) and Figure 5.7(b), 
respectively. It was seen that the calculated solid contiguity values were slightly higher 
than those derived from linear intercept counting. Similar results can be seen when 
varying the pore size for a fixed pore density, as shown in Figure 5.8. The differences 
between the two methods may increase as the microstructure becomes more complicated 
or inhomogeneous. 
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Figure 5.7 Comparison of solid contiguity derived by intercept counting and volume 
fraction-grain size based methods when (a) R=1 and (b) R=2 
The calculated solid contiguity takes the volume faction and grain size and 
assumes that these describe the microstructures with an even and ordered phase 
distribution. Whereas the linear intercept method uses information directly from the sites 
of interest and assumes that they represent the whole microstructure. When comparing 
both approaches, the linear intercept is likely to be the more flexible method to determine 
R=2 
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the solid contiguity, since it is suitable for particles with various sizes, shapes and 
distributions while the volume fraction and grain size based approach is for a random 
mixture of equiaxed particles, like this idealised structure. Moreover, when the 
microstructure contains more than two phases, it is rather complicated to define the grain 
size ratio. 
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Figure 5.8 Comparison of solid contiguity derived by intercept counting and volume 
fraction-grain size approaches for various grain size ratio 
5.2.9 Summary of the analyses idealised multiphase structures 
Idealised microstructures were made in order to evaluate the two approaches 
used for microstructure quantification in forms of solid contiguity. Linear intercept 
counting using circular test lines has been selected to assess the solid contiguity of the 
actual microstructure in this work due to its flexibility and advantages over the other 
method. Also, the errors according to the circular test line arrays are likely to be less than 
those obtained from the straight line arrays. It seems that the positions of the test circles 
is not a significant factor in determining contiguity, although this conclusion may not be 
correct for more inhomogeneous microstructures. Further, the intercept counting method 
seems to give similar results to the grain size and volume fraction method, but might be 
more applicable to porous multiphase microstructures. Volume fraction has been found 
to be most significant factor in determining the continuous manner of the solid matrix. 
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5.3 Quantification of Actual Microstructures 
5.3.1 Overview 
Microstructures of the MMAS composite were observed and quantitatively 
analyzed. Actual structures are always a lot more complicated that the simplified grid 
structure. For MMAS composites, volume contents of phases in the structure (magnesia, 
spinel and porosity) were quantified in terms of solid fractions and solid contiguity using 
area measurement. Solid contiguity was derived using the linear intercept method and 
circular test lines. 
5.3.2 Sample preparation and electron microscopy 
The stoichiometric MAS and the magnesia-rich MMAS composites were 
examined. The chemical composition of the MMAS samples was varied from relatively 
pure spinel (stoichiometric mixture of magnesia and alumina powders) to pure magnesia. 
In situ MMAS and preformed MMAS, including the porous bodies, were investigated. 
The samples were prepared from powder processing and pressed as dilatometer samples 
(see section 4.4). After sintering, the samples were polished, then the microstructures 
were characterized by scanning electron microscopy. 
The volume content of each phase was determined by area analysis over the 
unetched surface. As mentioned previously in section 5.2, linear intercept counting is an 
effective method to quantify the contiguity of multiphase structures, but to do this the 
grain boundaries in the solid network must be seen. A polished surface may need to be 
etched to reveal the grain boundaries and phase boundaries among the constituent solid 
phases. The MMAS composites are chemically inert so chemical etching seems not to be 
effective. Alternatively, the MMAS composites can be etched by thermal etching. After 
final polishing, the samples were removed from the mount while the polished surfaces 
were protected from scratches by masking tape. To do the thermal etching, the polished 
surface was normally heat treated at a temperature 100 °C below the sintering temperature 
for a period of time. For the MMAS composites, the polished samples were thermally 
etched at 1500 °C for 30 minutes in an air atmosphere. Boundary regions exposed to the 
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heat were etched away. These can be easily seen using backscattered electron 
microscopy because the boundaries appear darker than the grains. 
The volume fraction of phases (magnesia, spinel and pores) was determined 
using area measurement. Phase fraction was assumed to be equal to the area fraction of 
the phase over the sites of interest. Experimentally measured solid content was 
normalized and compared with the ideal volume content from chemical formula whereas 
pore content was compared with that obtained from density measurements. 
Solid contiguity of the MMAS composites can be obtained using linear intercept 
counting. However, microstructures of the MMAS composites consist of three phases; 
magnesia, spinel and pores. To simplify the analysis any structure containing up to two 
solid phases and porosity was treated as one "solid phase" while the porosity was treated 
as another phase. After that, the "solid phase (S)" and "pore phase (P)" were employed to 
analyse the contiguity. As far as the MMAS is concerned, five kinds of intersections are 
to be found; NS. S, N,,,,, Ns, y,, N, np and Np. The subscripts m, s and p represent magnesia, 
spinel and pore, respectively. Grain boundaries of the pore phase are not seen; therefore 
Npp is not applicable. The five intercept entities can be regrouped as Nss and Nsp (see 
Equation 5.3 and 5.4). Intercepts between test lines and solid-solid boundaries were 
counted as 1 or 1.5 if the test lines cut through grain junction, regardless of chemical 
composition. Intercepts between solid-pore boundaries were counted as 1. The total 
number of the solid-solid contacts, Nss, is: - 
Nss = N,,, r + 
N5 + Nsm Eqn 5.3 
and the total number of the solid-pore boundaries, Nss, is expressed as 
NSP =Nmp +Np Egn5.4 
Having defined Nss and Nsp, the solid contiguity of the MMAS composite was obtained 
by Equation 5.1. 
96 
Chapter 5: Quantification of Microstructures of Multiphase Materials 
5.3.3 Microstructural quantification of the MAS material 
5.3.3.1 Volume fraction 
According to the XRD patterns (see chapter 4.3), the main phase presented in a 
stoichiometric mixture powder after sintering at 1600 °C was spinel (more than 90 vol%). 
Although XRD had indicated that there were small amounts of unreacted magnesia and 
alumina still remained, they could not be detected using area measurement. Therefore, it 
was assumed that the normalized spinel content was unity. 
5.3.3.2 Pore fraction 
Pores generated in the actual microstructure come from two possible sources: 
from powder processing and from corn starch addition. The amount of porosity generated 
by each source can be estimated using experimental data derived from XRD and liquid 
immersion. XRD data provided the theoretical density of the sintered spinel while the 
measured density of the coated spinel samples derived from liquid immersion showed the 
bulk density. Pore content due to powder processing was calculated from a ratio of the 
measured density of the samples without starch content to the theoretical one derived from 
XRD (3.61 g cm"3). Pore content generated from starch addition can be obtained from a 
ratio of the measured density of the sample containing starch to the one without starch. 
Total pore fraction can be estimated by summing the porosity from both sources, as shown 
in Table 5.3. These pores affect significantly the continuity of the spinel matrix. 
Table 5.3 Amount of porosity in the MAS samples sintered at 1600 °C 
starch added measured pore content (vol%) total 
(wt%) density 
(g cm-3) 
due to 
processing* 
due to 
starch addition 
pore content 
(vol%) 
0 2.99 0 17 
10 2.36 17 21 38 
20 2.07 31 48 
30 1.77 41 58 
* calculated from a relative density using measured density of the starch-free coated MAS 
sample (2.99 g CM-3 ) and the theoretical density derived from XRD patterns (3.61 g cm-3) 
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5.3.3.3 Solid contiguity 
Microstructural development of spinel samples as a function of starch addition is 
shown in Figure 5.9. In a spinel sample without starch addition, as seen in Figure 5.9(a), 
pores were randomly scattered in the spinel matrix. Most of the large pores were situated 
at grain boundaries or grain junctions whereas the smaller ones were within grains. The 
pores become more irregular and connected with higher starch content. Like the idealised 
structure, the solid contiguity of the spinel matrix decreased continuously with increasing 
pore content, as seen in Figure 5.10. However, the variation in the solid contiguity 
determined in the actual structures was greater that the idealised one due to the random 
size, shape and distribution of pores. 
a) MAS (no starch added 
ý. 
1 
ti 
 
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(c) MAS + 20 wt% starch (d) MAS + 30 wt% starch 
Figure 5.9 Backscattered electron micrographs showing the microstructural 
development of spinel with various pore contents 
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Figure 5.10 Solid contiguity of spinel as a function of pore content 
5.3.4 Microstructural quantification of the MMAS composites 
5.3.4.1 Volume fraction of solids 
Volume contents of magnesia, spinel and pores were estimated using area 
measurement over the unetched surfaces, examples of which are shown in Figure 5.11. 
The measured volume contents were normalized and compared with the theoretical phase 
content calculated from the chemical composition, as shown in Table 5.4. The solid 
content calculated from the chemical formula represents the ideal volume of solid phases 
when the spinel reaction is complete. 
As far as solid content was concerned, the free magnesia content was always 
greater than that of spinel, as a result of the magnesia-rich composition of the starting 
powder mixtures. When the normalized solid contents were compared with the 
theoretical ones, the amount of free magnesia derived from area measurement was more 
than the ideal content. This can be explained in terms of the degree of spinel formation. 
For all magnesia-rich samples prepared in this study sintered at 1600 °C, incomplete 
spinel formation was expected because complete reaction is only achieved at 
temperatures of about 2000 °C, according to the phase diagram (see Figure 2.1). Thus, a 
very small amount of unreacted alumina exists in the in situ MMAS composite although 
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such unreacted alumina in these MMAS composites cannot be detected by XRD analysis 
and from area measurement. Thus, alumina is treated as another impurity (i. e. CaO, 
Fe203 and Si02) and will not be taken into consideration. 
Table 5.4 Comparison of solid content as a function of starting chemical composition 
magnesia 
content 
(mol%) 
phase contents 
from area measurement 
(vol%) 
normalized 
solid contents 
(vol%) 
theoretical 
solid contents 
(vol%) 
magnesia spinel pore magnesia spinel magnesia spinel 
60 16±2 66±3 18± 1 20 80 12.3 87.7 
70 26±2 56±3 19±2 31 69 27.4 72.6 
80 41 ±3 41±4 18± 1 50 50 45.9 54.1 
90 51 ±2 21 ±2 28±2 71 29 69.6 30.4 
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Figure 5.11 Backscattered electron micrographs of the unetched MMAS composites as 
a function of magnesia content in a powder blend 
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5.3.4.2 Pore fraction 
Pore contents of the magnesia-rich samples obtained using density measurements 
and area measurements are presented in Figure 5.12, showing that the samples contained 
porosity of approximately 10 vol% which increased slightly with magnesia content. All 
pore contents determined from area measurement were higher than those derived from 
liquid immersion. 
Density measurement using liquid immersion did not disturb the structure and 
accounts for both open and closed pores. In contrast, it was necessary to reveal the 
surface for area measurement to be carried out. Surface polishing using diamond 
grinding wheels and polycrystalline diamond spray probably extended the size of pores. 
40 
35 " area measurement 
30 " liquid immersion 
ö 
25 
c 
20 
15 
0 0 10 
5 
0 
50 60 70 80 90 100 
magnesia content in powder mixture (mol%) 
Figure 5.12 Comparison of pore content derived from density measurement and area 
analysis (no starch was contained in the starting powder mixtures) 
5.3.4.3 Solid contiguity 
The polished samples, as shown in Figure 5.11, were then thermally etched at 
1500 °C in order to reveal boundaries between magnesia and spinel. Thermally etched 
microstructures of the magnesia-rich MMAS composites produced by the in situ process 
are shown in Figure 5.13. The magnesia phase (dark grey) is surrounded by spinel (light 
grey) in a composition of 60 mol% magnesia. Magnesia became more extended and 
connected with increasing magnesia content. In contrast, spinel was more 
isolated and 
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dispersed when the content of magnesia increased. All of these structures were 
accompanied by pores (black) which were randomly distributed and varied in size. 
Although area measurement appears to overestimate the amount of porosity this will not 
be a significant problem in estimating phase contiguity. The structures were quantified in 
terms of the solid contiguity using linear intercept counting, as shown in Table 5.5. The 
connectivity of each phase depends strongly on the chemical composition because 
intercepts are counted rather than area. Values of the solid contiguity of the MMAS 
composite without starch addition were quite similar, ranging from 0.8 to 0.9. 
Table 5.5 Solid contiguity of the MMAS composites as a function of magnesia content 
magnesia content (mol%) pore content (vol%) 
60 18± 1 0.83±0.04 
70 19±2 0.89±0.03 
80 18±1 0.86±0.02 
90 28 ±3 0.86±0.04 
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Figure 5.13 Backscattered electron micrographs of the thermally etched MMAS 
composites as a function of magnesia content 
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5.3.5 Microstructural quantification of the in situ MMAS composites 
and the preformed MMAS composites 
5.3.5.1 Volume fraction of solids 
The solid contents of the in situ MMAS and the preformed MMAS composites 
were examined and normalised, as shown in Table 5.6. The normalised magnesia 
content and spinel content of both MMAS composites were almost identical. However, 
they both deviated from the calculated theoretical content. Similar to the results shown in 
Table 5.4, magnesia content was higher than the ideal magnesia while that of the spinel 
was smaller. This was caused by an incomplete reaction between magnesia and alumina 
in a powder mixture. Solid contents measured from the preformed MMAS were similar 
to those of the in situ MMAS. 
Table 5.6 Comparison of solid content of the in situ MMAS composites and the 
preformed MMAS composites derived from area analysis and calculation 
MMAS 
sample 
starch 
added 
(wt%) 
phase content 
from area measurement 
vol%) 
normalized 
solid content 
vol% 
magnesia s inel pore magnesia s inel 
0 51 ±2 26±2 23 ±1 66 34 
in situ 5 43±1 21±1 36±1 68 32 
10 32±1 17±3 51±2 66 34 
0 37±2 21±1 42±2 63 37 
preformed 5 33±2 16±3 51 ±1 68 32 
10 31±1 14±1 55±1 69 31 
Note: The theoretical content of magnesia and spinel in the MMAS compositions containing 
approximately 70 wt% magnesia are 58 vol% and 42 vol%, respectively. 
5.3.5.2 Pore fraction 
Table 5.7 shows the pore content of the in situ MMAS and the preformed 
MMAS. Without starch addition, the in situ and the preformed MMAS contained 
porosity of 14 vol% and 22 vol%, respectively. Higher pore contents found in the 
preformed MMAS agreed with the data in section 4.4.3 and section 4.4.4; the values of 
the measured density of the preformed MMAS were lower than those of the in situ. 
When starch was added, more pores were formed. Similar to the data of the magnesia- 
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rich compositions shown in Figure 5.12, area measurements gave higher pore contents 
compared with the liquid immersion methods. 
Table 5.7 Comparison of pore content in the in situ MMAS and the preformed MMAS 
derived from area analysis and calculation 
starch measured 
pore content from liquid immersion 
vol% 
pore content 
from 
MMAS 
sample 
added 
(wt%) 
densit 
(g cm 
3) due to 
powder 
rocessin 
due to 
starch 
addition 
total 
pore 
content 
area analysis 
(vol%) 
0 3.09 - 14 23 +2 
5 2.75 11 25 36 ±2 
in situ 10 2.50 14 19 33 51 +2 
20 2.16 30 44 - 
0 2.79 - 22 42 f2 
f d 5 2.41 14 36 51 +1 pre orme 10 2.25 22 19 42 55 ±1 
20 2.08 26 48 - 
5.3.5.3 Solid contiguity 
Figure 5.14, shows the thermally etched microstructures of the MMAS 
composite prepared from the in situ and the preformed processes. No starch was added to 
either of the powder mixtures. The in situ process gives a structure composed of a 
magnesia matrix along with evenly sized and randomly dispersed spinel particles. A 
denser solid structure compared with that of the preformed mixture was seen. 
Meanwhile, the preformed MMAS showed more uneven solid structure as well as a pore 
network. These different characteristics lead to a difference in solid contiguity. From 
intercept counting, solid contiguity of the in situ MMAS was 0.86 while that of the 
preformed MMAS was 0.67. 
When porosity was deliberately introduced greater amounts of pores can be seen 
in the preformed samples compared with the in situ ones even though the same amount of 
starch was added (see Table 5.7 and Figure 5.14). This was caused by poor densification 
of the preformed MMAS as mentioned previously. The solid contiguity values of the two 
MMAS samples are likely to be the different according to different microstructural 
features. The relationship between the solid contiguity and porosity is reported in Table 
5.8. The contiguity of solid decreased continuously with increasing pore content. The 
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solid contiguity of the in situ MMAS was greater than that of the preformed one in all 
cases. 
(d 
5 wt% starch content 
(c) 10 wt% starch content (f) 10 wt% starch content 
Figure 5.14 Backscattered electron micrographs of the etched samples of the in situ 
MMAS composites (left column, from a to c) and the preformed MMAS 
composites (right column, from d to f) with a presence of porosity 
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Table 5.8 Solid contiguity of the in situ MMAS and the preformed MMA composites 
MMAS 
sample 
starch added 
wt% 
pore content 
vol% 
Csord 
0 23 0.86 ± 0.02 
in situ 5 36 0.79 ± 0.03 
10 51 0.73±0.03 
0 42 0.67 ± 0.05 
preformed 5 51 0.63 ± 0.02 
10 55 0.56±0.06 
5.3.6 Summary of the quantification of actual multiphase structures 
Microstructures of the MMAS composite were quantified in terms of the solid 
contiguity and phase content. Backscattered micrographs can represent the characteristics 
of a multiphase material and microstructural information can be directly examined. Area 
measurement seems to be an effective way to quantify volume content of phases 
contained in multiphase structures although pore content may be slightly over-estimated. 
Solid contiguity is used to identify the degree of connection of a phase in the 
microstructure and can be determined using linear intercept counting. According to area 
measurement, microstructures of the MMAS composite prepared from the in situ powder 
mixture always contain porosity of 10-20 vol% even with no starch addition. Pore 
content increased with amount of starch addition. Solid contiguity of the sample without 
starch addition is between 0.8 to 0.9 and the values decreased with increasing starch 
addition. When comparing the MMAS composites with the nominally same starting 
chemical composition, solid contiguity of the in situ MMAS is always higher than that of 
the preformed MMAS. 
5.4 Conclusions from the Quantification of the 
Multiphase Microstructures 
Both idealised and actual multiphase microstructures were quantitatively 
analysed in terms of the phase content and the solid contiguity. Area measurement is a 
convenient method to determine volume fraction of solid and pore phases. 
The solid 
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contiguity of multiphase microstructures can be determined by means of linear intercept 
counting. Linear intercept methods with circular test lines are recommended over 
methods with straight lines; further intercept methods offer more flexibility than volume 
content/grain size methods. The contiguity of the solid phase strongly depends on 
volume fraction and/or size of porosity; it decreases with increasing volume fraction and 
size of pore contained in the structure. Structures with similar chemical composition and 
phase content can result in different quantitative information. 
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CHAPTER 6 
Thermal Expansion Behaviour of 
Magnesium Aluminate Spinel (MAS) and 
Magnesia-Magnesium Aluminate Spinel (MMAS) 
Composites 
6.1 Introduction 
In this chapter, the thermal expansion behaviour of the stoichiometric spinel 
(MAS) and the magnesia-rich spinel (MMAS) composites are discussed. The first part of 
the chapter is concerned with whether factors such as sintering conditions, which 
influence microstructure, alter the thermal expansion of the MAS materials. The second 
part mainly focuses on how thermal expansion changes with chemical composition. This 
part also includes results from the MMAS composite produced by different 
manufacturing methods. Effects of porosity on the MAS and the MMAS composites are 
also investigated. 
6.2 Thermal Expansion of Magnesia and Spinel 
Generally, information concerning thermal expansion behaviour, in terms of the 
CTE, of a monolithic solid can be found in literature or textbooks. Such information is 
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very important in order to predict the CTE of composite materials. Direct measurement 
of the CTE values of a pure substance using a dilatometer is quite straightforward. The 
change in a linear dimension as a function of temperature is detected and converted to a 
CTE value. Another approach is to use a database, such as the database from 
Thermophysical Properties Research Center (TPRC) data series (Touloukian et al., 1977). 
This database is based on experimental data and the percent thermal linear expansion of 
materials is reported as a plot of linear change over ranges of temperatures. Empirical 
equations in the form of cubic polynomials which can approximately represent the 
relationship of linear expansion as a function of temperature are also given. 
For MMAS composites, the main constituent phases are magnesia and spine!. 
`Pure' magnesia and `pure' spinel specimens were prepared from AML-R1 magnesia 
powder and a stoichiometric composition between AML-R1 magnesia powder and AKP 
50 alumina powder, respectively (see section 4.2). It is noted that these `pure' magnesia 
and the `pure' spinel standard specimens prepared from the AML-R1 magnesia powder 
are not absolutely pure because of a very small amount of impurities containing in the 
starting magnesia powder (see Table 3.1). Even though the magnesia and the spinel 
standard samples used in this study are not totally pure substances, they are appropriate as 
standard samples because any impurities will be present in all samples. 
The CTE of magnesia and spinel were estimated by both direct measurement 
and calculation using the TPRC database. Changes in linear dimensions of magnesia and 
spinel as a function of temperature were detected using a dilatometer and the CTE values 
of magnesia and spinel standard samples were estimated from a plot of linear expansion 
as a function of temperature, using Equation 3.5. According to the TPRC database, 
empirical equations for pure magnesia (293-1700 K), pure alumina (293-1900 K) and 
pure spinel (293-2200 K) are given from Equation 6.1 to 6.3, respectively, when T is the 
absolute temperature (K). 
% 
AL 
(MgO) = (-0.326) + (1.040 x 10-3 T) + (2.5 81 x 10-')T 2- (2.834 x 10-")T 3 Eqn 6.1 L. 
% 
AL 
(A12O3) = (-0.180) + (5.494 x 10-4 )T + (2.252 x 10-')T 2- (2.894 x 10-" )T 3 Eqn 6.2 Lo 
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% 
AL 
(MgAl2O4) = (-0.183) + (5.456 x 10-4 )T + (2.806 x 10-7 )T 2- (4.181 x 10-")T' Eqn 6.3 Lo 
The CTE values from different sources are shown in Table 6.1. According to 
some textbooks, for example, Kingery (1960) and Barsoum (1997), the mean CTE value 
between 0 and 1000 °C of pure magnesia is 13.5 x 10-6 per degree and the value for pure 
spinel is 7.6 x 10-6 per degree, and these textbooks have been used as references in 
several previous works, such as Bartha (1992) and Aksel et al. (2003) . Clearly, these 
values do not agree with those measured experimentally or those calculated using data 
from the TPRC database. These latter two methods gave reasonable agreement. The 
differences are likely to be due to small amounts of impurities in the powders. However, 
these impurities will be present in all the samples in this work. Thus, the experimentally 
derived values will be used in calculations. The measurement was repeated a few times 
to calculate the standard deviation due to the experiments. 
Table 6.1 Values of the CTE of magnesia and spinel between 100 and 1000 °C 
source of data mean CTE x 10-6 (degree- e ree-1 
magnesia spinel 
Textbooks 13.5 7.6 
TPRC database 14.02 9.14 
Experimental data 14.69 ± 0.03 9.41 ± 0.04 
6.3 Thermal Expansion Behaviour of Magnesium 
Aluminate Spinel (MAS) 
6.3.1 Introduction 
This section presents the thermal expansion behaviour of the stoichiometric 
materials. It includes some studies on the effects of sintering conditions (sintering 
temperature and holding time) as well as porosity on the linear thermal expansion. The 
thermal expansion of the MAS samples sintered at various temperatures and holding 
times were examined because these two parameters resulted in different degrees of spinel 
formation and microstructure development, as reported in the section 4.4. The outcomes 
are reported as the linear change and the mean CTE values between 100 and 1000 °C. 
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6.3.2 Sintering temperature 
The changes in linear dimension of samples sintered at different temperatures 
are shown in Figure 6.1. The shape of these curves is very similar. Linear change of the 
spinel sintered at 1300 °C shows the lowest expansion while the expansions of spinel 
samples sintered at higher temperatures are slightly greater. When converted to the CTE 
values over 100-1000 °C (shown in Table 6.2), spinel samples sintered at 1600 °C give 
the highest value and the CTE gradually decreases with sintering temperature. At low 
sintering temperatures, the reaction between magnesia and alumina is not complete, 
resulting in a three phase mixture. The CTE values of the samples therefore involve the 
amounts of the three phases; unreacted magnesia, unreacted alumina and spinel. 
According to the TPRC database, for mean CTE values between 100 to 1000 °C, the 
values decrease from pure magnesia which has the greatest values (14.02 x 10-6 degree-) 
followed by spinel (9.14 x 10-6 degree-) and finally alumina (7.69 x 10-6 degree-'). Using 
the simple rule-of-mixtures (ROM) show that as sintering temperature increases and more 
spinel is formed, the CTE values will increase. 
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Figure 6.1 Linear expansion of the MAS samples sintered at various temperatures 
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Table 6.2 Mean CTE values between 100 and 1000 °C of the stoichiometric spinel 
composition as a function of sintering temperature 
sintering temperature 
(°C) 
spinel fraction 
estimated from XRD 
mean CTE x 10-6 
(degree-') 
1300 0.56 9.09 ± 0.03 
1400 0.75 9.23 ± 0.04 
1500 0.86 9.36 ± 0.03 
1600 0.90 9.43 ± 0.03 
6.3.3 Holding time 
Figure 6.2 presents the variation of linear change for samples sintered for 
different holding times. Spinel samples were sintered at 1500 °C in an air atmosphere. It 
can be seen that the curves for samples with various holding times are very similar. The 
mean CTE values were essentially the same at approximately 9.4 ± 0.04 x 10-6 degree"', 
as shown in Table 6.3, 
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Figure 6.2 Linear change as a function of temperature of the stoichiometric MAS 
samples sintered with different holding times 
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Table 6.3 Mean CTE values between 100 and 1000 °C of the stoichiometric spinet as 
a function of holding time 
holding time 
(hours) 
mean CTE x 10"6 
(degree-') 
2 9.36 ± 0.04 
4 9.43 ± 0.05 
6 9.35 ± 0.04 
8 9.39 ± 0.03 
6.3.4 Pore content in the MAS bodies 
Porous structures were made by adding corn starch into the stoichiometric 
powder mixture, at levels of 0,10,20,30 and 40 wt%. Pores in the solid structure came 
from two sources: powder processing and starch addition. Linear changes as a function 
of temperature of these porous MAS samples are displayed in Figure 6.3. The presence 
of porosity in a polycrystalline ceramic is not expected to influence thermal expansion 
behaviour (e. g. Green, 1998); however it was found in this study that there were slight 
differences between the porous MAS samples. It can be seen from the plot that linear 
change gradually and slightly increased with increasing pore content. Mean CTE values 
of the porous MAS samples were also calculated and are shown in Table 6.4. 
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Figure 6.3 Changes in linear dimensions of the MAS samples with various pore 
contents 
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Table 6.4 Mean CTE values of the stoichiometric spinel (MAS) as a function of 
pore contents 
starch content (wt%) total pore fraction mean CTE x 10-6 (degree-') 
0 0.10 9.41 ± 0.04 
10 0.31 9.55 ± 0.05 
20 0.41 9.63 ± 0.04 
30 0.51 9.94 ± 0.04 
40 0.56 10.14 ± 0.05 
A variation of the CTE values as a function of pore content may relate to the 
degree of spinel formation. The presence of corn starch in a powder mixture could 
prevent the reaction by interrupting interfacial contact between magnesia and alumina 
particles. However, if this was the case then the CTE values would be expected to vary 
with increasing pore content. Further, it may be possible that the actual composition of 
the spinel is changing slightly. Another possible explanation is that the corn starch leaves 
behind a high expansion residue, although no evidence for this has been found in the 
microstructural studies. A third possibility is that the porosity affects the microstructural 
arrangement (phase contiguity) and that this in turn affects thermal expansion behaviour. 
Clearly, this microstructural rearrangement would not be manifest in monolithic 
materials. 
6.4 Thermal Expansion Behaviour of Magnesia-rich 
Spinel (MMAS) Composites 
6.4.1 Introduction 
This section reports the results of the study of the thermal expansion behaviour 
of the MMAS composites with various magnesia contents. It also includes the effects of 
the manufacturing process of the MMAS composites, i. e. in situ process and preformed 
methods on thermal expansion characteristics. Pores were deliberately introduced into 
the in situ MMAS composites and the preformed MMAS composites using 0,5,10 and 
20 wt% corn starch additions. 
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6.4.2 Degree of non-stoichiometry 
It was found that the change in linear dimensions as a function of temperature 
depended significantly on magnesia content of the starting powder mixture. Increasing 
the magnesia content in a starting powder mixture leads to a structure with more free 
magnesia. The expansion of the MMAS composite is therefore governed by the amount 
of excess magnesia remaining in the structure after sintering. The CTE of magnesia is 
comparatively greater than that of spinel, so the expansion of MMAS samples increases 
continuously with magnesia content. The relationship between linear expansion and 
temperature is presented in Figure 6.4 with the corresponding CTE values shown in Table 
6.5. 
Table 6.5 Mean CTE values of the MMAS composites as a function of composition 
magnesia content 
in starting powders 
(mol%) 
normalized 
`magnesia' fraction 
from area measurement 
mean CTE x 10-6 
(degree-) 
spinel standard n/a 9.43 ± 0.04 
60 0.20 9.83 ± 0.03 
70 0.31 10.36 ± 0.04 
80 0.50 10.90 ± 0.05 
90 0.71 12.50±0.03 
magnesia standard* 0.98* 14.69 ± 0.03 
* According to chemical composition of AML-R1 powder (see Table 3.1) 
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Figure 6.4 Linear expansion of the magnesia-rich spinel composites with various 
magnesia contents (STD = standard sample) 
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6.4.3 In situ MMAS and preformed MMAS composites 
Using a simple ROM to estimate the CTE values, any two-phase particulate (or 
isotropic) composite materials with the same phase composition should have about the 
same CTE values. Therefore, as the in situ and preformed MMAS composites are very 
similar in terms of chemical composition and phase content, they were expected to have 
the same CTE values. Figure 6.5 provides a comparison of the linear expansion as a 
function of temperature of the magnesia-rich spinel composites prepared from the in situ 
process and the preformed process. It can be seen from the measurement that the thermal 
expansion of the in situ MMAS was greater than that of the preformed MMAS, even 
though their phase compositions were virtually identical (according to the EDS area scan 
and XRD results stated in section 4.4.3). The CTE values between 100 and 1000 °C of 
the in situ MMAS composite and preformed MMAS composite were 11.80 ± 0.06 x 10-6 
and 11.02 ± 0.06 x 10-6 degree-, respectively. 
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Figure 6.5 Linear expansions of the in situ MMAS composite and the preformed 
MMAS composite without corn starch addition 
Using Table 6.5 to estimate the change in CTE as a function of chemical 
composition would suggest that the magnesia content in the starting powder 
for the in situ 
MMAS composite is approximately 86 mol% magnesia whereas that for the preformed 
is 
around 81 mol% magnesia. These values do not agree with those previously obtained 
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from compositional data. Although there are differences in chemical composition and 
thus phase composition of the two powders, it is unlikely that they are sufficiently large to 
account for the difference in CTE values. Moreover, the chemical composition of 
magnesia and spinel presented in the MMAS composites according to the EDS area scan 
are very similar (see Table 4.8). A variation in the CTE of both composites according to 
chemical composition may relate to impurities. Both the MMAS composites contain the 
same types of oxide contaminants, i. e. CaO, Si02 and Fe203 (see Table 3.1 and Table 
4.1), but the in situ MMAS composite contains these oxides in slightly higher amounts 
than in the preformed MMAS composite and this could lead to higher CTE values in the 
in situ composite. However, the amounts of such oxide impurities in both of the MMAS 
composites are very small (less than lwt%) and again it is unlikely that such differences 
would lead to a major difference in thermal expansion behaviour. 
It is reported that unlike strength, thermal conductivity and electrical resistivity, 
thermal expansion is a property that is less affected by microstructural variation (Brandon 
and Kaplan, 1999). However, microstructureal variation may alter the CTE values in 
some cases, as is suggested by this study. A difference in the CTE values can be found in 
the MMAS composites which have comparatively similar chemical compositions but 
crucially different microstructures. Recently, a study of a porous nickel/yttria-stabilized 
zirconia (Ni/YSZ) solid oxide fuel cell anode revealed that different manufacturing 
processes used to prepare this composite material affected the CTE values (Clemmer and 
Corbin, 2004). Graphite powder was used as a pore former. Nickel was added into the 
YSZ suspension in the form of a separate powder along with graphite particles or in the 
form of nickel coated graphite particles. With the same concentration of nickel, the two 
types of Ni/YSZ composite products had different microstructures and slightly different 
CTE values. This was attributed to different contacts between nickel and YSZ. 
A difference in the CTE of the in situ MMAS composites and the preformed 
MMAS composites may be due to the differences in bonding between magnesia and 
spinel particles (Aksel et al., 2004). The in situ process offers a dense structure and 
strong bonding between the magnesia matrix and spinel grains due to spinel formation. 
In the other process, preformed spinel grains tend to form weaker bonds with magnesia 
and there were gaps around spinel grains. These weaker bonds and gaps allow magnesia 
grains and spinel grains to expand more freely compared with the dense structure with 
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stronger bonds. This may result in the lower CTE values found in the preformed MMAS 
composites. 
6.4.4 Pore content in the MMAS composites 
Both the in situ MMAS composites and the preformed MMAS composites were 
used to provide the matrix of porous bodies. Although it has been stated that the addition 
of porosity has no effect on the CTE values and that the CTE values of porous two-phase 
materials are similar to those of fully dense materials (e. g. Chiang et al., 1997), the 
experimental results in Figure 6.6 and Figure 6.7 show that the change in linear 
dimensions due to temperature increased slightly when pore content increased. Also, the 
in situ MMAS composites tended to expand more than the preformed MMAS composites, 
no matter how much porosity was generated in the structure (see Table 6.6). These 
findings are in agreement with those reported for the MAS (see section 6.3.3) and the 
possible reasons are as discussed in that section. 
Table 6.6 The CTE values of the in situ MMAS composites and the preformed 
MMAS composites as a function of pore content 
MMAS 
sample 
starch content 
(wt%) 
mean CTE x 10-6 
e ree-1 (degree- 
0 11.80 ± 0.06 
i it 5 12.08 ± 0.05 ns u 10 12.12 ± 0.04 
20 12.14 ± 0.01 
0 10.96 ± 0.06 
d f 5 11.21 ± 0.03 orme pre 10 11.23 ± 0.02 
20 11.39 ± 0.04 
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6.5 Summary of the Thermal Expansion Studies 
The most important factor in determining the thermal expansion of the 
magnesia-rich composites (MMAS) is the final chemical composition, or more correctly, 
the phase content of the final product. The CTE values depend on the type and the 
amount of the phases present: the more magnesia, the larger the expansion. A difference 
in the CTE values can be found in the MMAS particulate composites with the same final 
compositions or phase contents but different microstructures. When pores were 
introduced into the MAS and MMAS composite structures, the CTE values increased 
slightly with increasing pore contents. This suggests that the microstructure of the MAS 
and MMAS composites influences the thermal expansion. 
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CHAPTER 7 
Development of a Model for the Prediction 
of the Coefficient of Thermal Expansion 
of Composite Materials 
7.1 Introduction 
This chapter considers the prediction of the CTE of ceramic composite 
materials. While the eventual aim is to provide a method to predict the CTE of a porous, 
multiphase ceramic material, as an initial step, a simpler, dense two phase A12O3/SiCp 
composite was studied. Expressions based on ROM principles have been used, in 
conjunction with a detailed description of the microstructure, to model the CTE of both 
dense and porous ceramic composites 
7.2 Relationship between Microstructure and Thermal 
Expansion in a Dense Multiphase Structure 
7.2.1 Overview 
A relationship between microstructural features and thermal expansion 
behaviour in a dense particulate composite is investigated. The magnesium aluminate 
spinel (MAS) and the magnesia-rich (MMAS) samples have complex microstructures so 
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A12O3/SiCp nanocomposites were selected to be representative of simpler dense 
composites. Microstructures of the high density composite materials with different 
particle contents (SiCp) and average particles sizes were observed and analyzed. Also, a 
change in linear dimension as a function of temperature was examined experimentally. 
7.2.2 Experimental setup 
A12O3/SiCp nanocomposites provide a nearly fully dense multiphase structure. 
The A12O3/SiCp samples were supplied by Dr. R. I. Todd of the Department of Materials, 
University of Oxford. High purity a-alumina AES-11 C (Sumitomo, Japan) and a-silicon 
carbide particulates (Washington Mills) were the raw materials. There were six different 
samples, A to F, varying in volume fraction and particle size of the SiC particulates, as 
shown in Table 7.1. Samples A, B and C comprised 20 vol% of SiC, with three different 
mean particle sizes; 6.5,13 and 23 µm. Samples D, E and F contained SiC particles of 
3 pm with various SiCp contents of 10,20 and 30 wt%, respectively. An alumina sample 
without particulates was also prepared and used as a standard sample. The powder 
mixtures were blended using Mg-doped partially stabilized zirconia (Mg/PSZ) milling 
media with Dispex A40 as a dispersant. Then the powder mixtures were hot pressed into 
pellets in a graphite die. The pellets were sintered at 1700 °C in an argon atmosphere. 
In this study, the sintered specimens supplied by Dr. Todd were then cut into a 
rectangular shape and mounted in a carbon-filled conductive moulding powder (Bueher- 
MET, Bueher, UK) using a hot-mount pressing machine (Prontopress-2, Struers, 
Denmark). The samples were mechanically polished using diamond-bonded grinding 
wheels. This was followed by fine polishing using diamond sprays of 6,3 and 1 µm. The 
grain sizes of the composite can be revealed by means of relief polishing. Relief 
polishing was carried out by polishing the samples using an OP-S colloidal silica 
suspension (Struers, Denmark) applied on a napped cloth for 15-30 minutes. 
Microstructural development of the A12O3/SiCp nanocomposites was observed by means 
of scanning electron microscopy (SEM, JEOL 8600). For the SEM, the surface of the as- 
polished specimen was cleaned and coated with a very thin layer of gold using a coating 
machine (EMITECH K575X, EM Technology Ltd., England) to promote conductivity 
and prevent charging. Backscattered micrographs were taken and quantitatively analyzed 
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using linear intercept counting. Information obtained from the microstructural 
quantification was then used to predict the CTE. The density of the samples was 
examined using liquid immersion. The thermal expansion behaviour was assessed using 
a dilatometer (DIL 402C, Netzsch, Germany) in an argon atmosphere, with a flow rate of 
5 ml minute-' to prevent SiC oxidation at high temperatures. The range of temperatures 
for the measurement was from 50-500 °C with a heating rate of 5 °C minute-1. 
Table 7.1 Details of the A12O3/SiCp nanocomposites used in this study 
A12O3/SiC sample SiCp content (vol%) SiC particle size m 
A 6.5 
B 20 13 
C 23 
D 10 
E 20 3 
F 30 
7.2.3 Density 
The densities of the A12O3/SiCp nanocomposites examined by liquid immersion 
are shown in Table 7.2. The theoretical densities of the Al2O3/SiCp nanocomposites were 
calculated using a simple rule-of-mixtures (ROM) with the theoretical densities of the 
pure alumina and pure silicon carbide taken as 3.98 g cm-3 (ASM international, 1999) and 
3.20 g cm 3 (Ashby and Jones, 1986), respectively. The measured densities of alumina 
containing 20 vol% SiCp, of which the sizes of SiC particles were varied (samples A, B 
and C) were approximately 3.77 g CM-3 . For alumina with 
different SiCp contents 
(samples D, E and F), the density of the composite decreased with increasing amount of 
SiCp. All samples achieved densities of over 95% of theoretical density. 
Table 7.2 Densities of the A12O3/SiCp nanocomposites 
A12O3/SiCp 
sample 
SiCp content 
(vol%) 
SiCp size 
m 
measured density 
(g cm 3) 
% 
theoretical density 
A 6.5 3.78 ± 0.02 99.0 
B 20 13 3.76+0.04 98.4 
C 23 3.77 ± 0.03 98.7 
standard alumina 0 n/a 3.89 + 0.03 97.9 
D 10 3.71 ± 0.03 95.4 
E 20 3 3.67 ± 0.04 96.1 
F 30 3.64 ± 0.05 97.3 
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7.2.4 Microstructure observation 
Micrographs of the A12O3/SiCp nanocomposites with different SiC particle sizes 
(samples A to C) are shown in Figure 7.1 and those with different SiCk contents (samples 
D to F) are shown in Figure 7.2. The grain boundaries of the alumina matrix can be 
observed due to relief polishing. The alumina formed a connected network whereas the 
SiC particles were randomly dispersed, although a small number of the particles were 
found to be in contact. The SiC particles were more in contact with increasing SiCp 
contents. The small bright spots (around 0.25 vol%) dispersed over the structure were 
zirconia contaminants produced during the powder mixture blending process, in which 
Mg-PSZ balls were used as the milling media (Todd and Derby, 2004). Pores were also 
found between alumina grains and some were located at phase boundaries between 
alumina and the carbide particles. 
The micrographs also show that changes in the volume content and the size of 
SiC particles in the composite lead to changes in the grain size of the alumina matrix. 
The average grain size of each alumina matrix was determined using the linear intercept 
technique and is shown in Table 7.3. It can be seen that the grain size of alumina 
decreases continuously with increasing volume content and decreasing particle size of 
sicp. 
Table 7.3 Variation in grain size of the alumina in the A12O3/SiCp nanocomposites 
A12O3/SiCp 
sample 
SiCp 
content 
(Vol %) 
SiCp size 
(µm) 
mean 
alumina grain size 
m 
A 6.5 11.6 + 2.1 
B 20 13 14.0±3.3 
C 23 15.5±3.3 
D 10 10.4 ± 1.5 
E 20 3 7.7±2.2 
F 30 5.9±0.6 
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(c) sample C (23 µm SiCp) 
Figure 7.1 Backscattered electron micrographs of the A12O3/SiCp nanocomposites 
with constant SiCp content (20 vol%) but various SiC mean particle sizes: 
(a) 6.5 µm, (b) 13 µm and (c) 23 µm 
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(a) sample A (6.5 pm SiCp) 
(b) sample B (13 µm SiCp) 
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(b) sample E (20 vol% SiCp) 
(c) sample F (30 vol% SiCp) 
Figure 7.2 Backscattered electron micrographs of the A12O3/SiCp nanocomposites 
with constant SiC particle size (3 µm) but various SiCp contents: 
(a) 10 vol%, (b) 20 vol% and (c) 30 vol% 
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(a) sample D (10 vol% SiCp) 
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7.2.5 Microstructure quantification 
Table 7.4 shows the volume fraction of each species derived from area 
measurement and compares it with the known starting chemical composition. Neglecting 
the zirconia contaminants and a very small amount of porosity (see the measured density in 
Table 7.2), the measured volume fraction of SiCp was normalised to exclude pore volume 
off the structure. According to the original work conducted by Todd and Derby (2004), the 
uncertainty of SiCp content was estimated as ± 0.05% or 5 vol%. 
Table 7.4 Phase content and solid contiguity of the A12O3/SiCp nanocomposites 
A12O3/SiCp 
sample 
SiCp 
particle 
size 
nominal 
phase content 
vol% 
normalised phase contents 
from area measurement 
vol% 
m A1203 SiC A1203 SiC 
A 6.5 75±2 24+2 
B 13 80 20 75±4 24±4 
C 23 73±3 26±3 
D 90 10 88±2 11±2 
E 3 80 20 79±4 20±4 
F 70 30 68±3 31±3 
7.2.6 Thermal expansion 
7.2.6.1 CTE measurement 
The change in one dimension as a function of temperature of the A12O3/SiCP 
nanocomposites was measured between 50 and 500°C, as shown in Figure 7.3 and the 
mean CTE values derived from the plots (using Equation 3.6) are shown in Table 7.5. 
Experimentally determined thermal expansion data are not very sensitive to the particle 
size. However, the thermal expansion of the composite is influenced significantly by SiCp 
volume content; it decreases continuously with increasing SiCp content. 
Table 7.5 Mean CTE values of the A12O3/SiCp nanocomposites between 50 and 500°C 
Al2O3/SiCp 
sample 
SiCp content 
(vol%) 
SiCp size 
m 
mean CTE x 10-6 
(degree-') 
A 6.5 7.30 ± 0.03 
B 20 13 7.37±0.03 
C 23 7.32 ± 0.04 
standard alumina 0 - 8.26 ± 0.03 
D 10 7.58±0.04 
E 20 3 7.37 ± 0.03 
F 30 7.08 ± 0.04 
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Figure 7.3 Linear expansions of the A12O3/SiCp nanocomposites as a function of 
temperature for (a) various SiCp particle sizes and (b) various SiCp contents 
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7.2.6.2 CTE prediction 
Generally, using a simple ROM with the volume fraction of the phases is the most 
common way of estimating the effective CTE of a composite material. The effective CTE 
value of a composite material can be determined using Equation 7.1. 
CTEejI c vor. = . 
f; " CTEj Eqn 7.1 
where CTEe ff(VO, and f are the effective CTE value and the volume content of the pure 
constituent phases contained in the microstructure, respectively, while the CTE; is the 
CTE of each constituent phase. 
For the ROM calculation, the CTE of standard alumina (without SiCp) was 
obtained from experimentally measured data (i. e. 8.26 x 10-6 degree-) while that of the 
pure SiCp was obtained from the TPRC database. The relationship used for the pure SiCp 
is valid from 298 to 2800 K and is shown in Equation 7.2: 
% 
AL 
(SiC) = (-9.913 x 10-2) + (2.970 x 10-4 )T + (1.388 x 10-7 )T 2- (1.548 x 10-")T' Eqn 7.2 Lo 
where T is the temperature in Kelvin (K). Thus, the mean CTE value of pure SiCp 
between 50 and 500 °C is 4.33 x 10-6 degree-l. Regardless of microstructural features, 
any composite with the same phase composition should have the same coefficient of 
thermal expansion. A comparison between the measured CTE and the predicted CTE 
values based on the information of volume content is illustrated in Figure 7.4. 
From Table 7.5, the Al2O3/SiCp samples E, A, B and C which contain 
approximately 20 vol% SiCp with various in particle size from 3,6.5,13 to 23 µm, 
respectively, it was found that the measured CTE values were fairly similar 
(approximately 7.3 x 10-6 degree-1) and seemed to be not very sensitive to a change in 
particle size of SiCp. The measured CTE and the CTE values obtained from a ROM 
method using volume fraction were also relatively close to each other. 
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Figure 7.4 Comparisons of the CTE between 50 and 500°C in the A12O3/SiCp 
nanocomposites with various (a) SiCp particle sizes and (b) SiCP contents 
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7.2.7 Summary 
A12O3/SiCp nanocomposites were selected as being representative of dense 
multiphase materials. The results show that a ROM approach using volume fraction is 
still an effective and convenient way to predict the CTE values of these dense composite 
materials. 
7.3 Relationship between Microstructure and Thermal 
Expansion in a Porous Multiphase Structure 
7.3.1 Overview 
The relationship between microstructure and thermal expansion behaviour in 
porous multiphase materials is considered, using the magnesia-magnesium aluminate 
spinel (MMAS) composites as a representative. Using microstructural information, the 
effective CTE values of the magnesia-rich composites prepared from the in situ process 
and the preformed process, including those with deliberately introduced porosity were 
predicted using a conventional ROM. An expression based on contiguity and other 
microstructural parameters is then proposed and discussed. 
7.3.2 ROM for the porous MMAS microstructures 
7.3.2.1 CTE predictions using volume fraction 
The CTE values were predicted using a simple ROM using the `normalised' 
volume fraction of solids (see section 5.3.4.1). To consider only the solid phase, the pore 
fraction has to be excluded from the experimentally determined volume fraction. The 
solid content of the stoichimetric composition (50 mol% magnesia - 50 mol% alumina, 
prepared as a standard spinel) is assumed to contain only spinel. Further, the 
stoichiometric composition 100 mol% magnesia (as a standard magnesia) is assumed to 
be pure. In reality, it will contain some impurities, but these should 
be constant 
throughout this study and can, in effect, be neglected. The mean CTE values of spinel 
and magnesia between 100 and 1000 
°C were obtained from measurement, and have been 
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taken as 9.41 x 10-6 degree-' and 14.69 x 10-6 degree-1, respectively. According to the 
microstructural quantification using area measurement, all of the MMAS samples 
contained porosity, ranging between 17 vol% and 28 vol%, respectively (see Table 5.4). 
The data revealed that all CTE values increase with increasing magnesia content. A 
comparison between the measured data and the predicted CTE values using volume 
fraction in Figure 7.5 shows some discrepancy; the agreement is not very close. 
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Figure 7.5 Comparisons of the CTE values between 100 and 1000°C in the MMAS 
composites with various magnesia contents in starting powder mixtures 
A comparison of the mean CTE values between 100 and 1000 °C derived from 
experiments and those predicted using the ROM methods based on experimentally 
obtained volume fractions for the porous in situ MMAS composites and preformed 
MMAS composites are presented in Figure 7.6. The CTE values of both the MMAS 
composites obtained from the normalised solid fraction were very similar as a result of 
the similar final phase composition of both composites. Similar to the magnesia-rich 
composites, the predicted CTE values using the normalised solid content are higher than 
the measured CTE and not very sensitive to increasing pore content. Indeed, any 
differences are due to slight differences in measured volume fractions as theoretically 
porosity should have no effect. 
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Figure 7.6 Comparisons of the effective CTE in (a) the in situ MMAS composites and 
(b) the preformed MMAS composites with varying porosity contents 
From the plots for the MMAS composites, it can be seen that the predicted CTE 
values do not give very good agreement with the experimental data in contrast to the case 
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for the dense multiphase structures. This indicates that using volume fraction to estimate 
the CTE values for porous MMAS composite structures is not very effective. The ROM 
seems to overestimate the CTE values and can be regarded as giving an upper bound 
estimate. Thus, there is a need to predict a `lower bound' and phase contiguity may offer 
a way of doing this. 
7.3.2.2 CTE predictions using phase contiguity 
Similar to the CTE obtained from the ROM using volume fraction, the effective 
CTE can be derived from the quantitative information by using the phase contiguity 
instead of the volume fraction. Thus, it gives: - 
CTEeff (cont. ) = C(' CTE1 Eqn 7.3 
where CTEeff (cont. ) I C; and f,. are the effective CTE value derived from phase contiguity, 
the phase contiguity itself and the volume content of the constituent phases of 
microstructure, respectively. The subscript i represents the solid phases. 
The phase contiguity can be estimated using quantitative microstructural 
information, i. e. volume fraction and solid contiguity, derived from area measurement 
and linear intercept counting as follows: - 
C; = Csor; d ' . 
f; Eqn 7.4 
where Csolid and f are phase contiguity and volume fraction, respectively. 
From Equation 7.4, it is seen that the degree of connectivity of a phase in a 
dense structure only depends on the volume fraction. The CTE values of the MMAS 
composites as a function of magnesia content obtained from the simple ROM method 
incorporating phase contiguity are compared with the experimental data and the volume 
fraction-based CTE, as shown in Figure 7.7. As expected, the measured CTE values fell 
between the CTE values obtained from the two versions of the ROM. It is noted that the 
values of the phase contiguity in the MMAS composites were calculated from solid 
contiguity. Directly measured phase contiguity by means of intercept counting 
throughout the pore-containing microstructure always included a large number of solid- 
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pore boundaries, meaning that the total numbers of solid-solid intercepts were low, and 
hence the values have large errors associated with them. 
Also, the comparisons of the CTE values obtained from different approaches for 
the in situ MMAS and the preformed MMAS composites are presented in Figure 7.8. 
Similar to Figure 7.7, the CTE predicted from phase contiguity provides a lower value. 
The experimentally obtained CTE values do show a slight increase with increasing 
porosity and the volume fraction based-CTE values are not very sensitive to increasing 
pore content. Unfortunately, the ROM based on phase contiguity predicted the opposite 
trend; the values decreased continuously with increasing pore content and diverted from 
the measured data and the volume fraction-based CTE values. In switching from volume 
fraction (Equation 7.4) to phase contiguity (Equation 7.3), the predicted CTE values are 
rather sensitive to the presence of porosity, i. e. solid contiguity decreases as pore content 
increases (see chapter 5). This results a continuous decline of the contiguity-based CTE 
values. 
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7.3.3 Summary 
The CTE values of the MMAS composites can be predicted from the ROM 
approaches using the normalised solid fraction, but the predicted CTE values are slightly 
higher than the experimentally measured ones. Meanwhile, it is possible to predict the 
CTE values using a ROM method on the basis of phase contiguity. Although this method 
can cover more microstructural information, it did not show better agreement compared 
with the volume fraction. The prediction for the porous MMAS composites using volume 
fraction and phase contiguity is useful in order to estimate a range (or an upper bound and 
lower bound) of the effective CTE values. 
7.4 Model Development for the CTE Prediction 
based on Quantitative Microstructural Information 
7.4.1 Introduction 
Although the CTE values of dense composite materials predicted using the 
ROM method gave a good fit with the experimental data, less good agreement was found 
in porous composites. By incorporating phase contiguity to the ROM approach, a lower 
or not very accurate bound was estimated. Therefore, there is a need for further 
improvement. Hence, a modified model for CTE prediction in porous composite 
materials based on quantitative microstructural information is introduced. 
7.4.2 Topological transformation of porous multiphase structures 
Quantitative microstructural information of a random multiphase structure with 
any volume fraction, grain size, grain shape and distribution can be used to make 
topological transformations. Initially proposed by Fan (1993), a dense two-phase 
microstructure, denoted as a and ß, can be reorganised into three elements as (i) a region 
of continuous a-grains, (ii) a region of continuous ß-grains and (iii) a mixture of a-grains 
and ß-grains. Continuous regions show grain boundaries between a-a grains and 
ß-ß 
grains. The volume fraction and grain size of the continuous a-phase and 
ß-phase are 
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represented as the continuous volume ( fay and fßß) and average grain size of each solid 
(da and d. ), respectively. Meanwhile, the region consisting of the separated phases has 
no contact between the same phases, so only phase boundaries of a-ß grains can be 
found. The volume fraction of this region is defined by the degree of separation (FS) and 
volume-fraction-weighted average grain size. Using the volume fraction-grain size-based 
approach, a two-phase microstructure is quantitatively analyzed in terms of phase 
contiguity and other parameters through a transformed microstructure. Microstructural 
transformation provides an equivalent simplified structure to be analyzed, in comparison 
with the original actual two-phase microstructure, but it does not provide any quantitative 
information on volume fraction, grain size and grain shape. Previous studies have shown 
that this topologically transformed microstructure can be employed to evaluate 
relationships between microstructure and material properties of composite materials such 
as mechanical strength (Fan, 1993 and Boccaccini and Fan, 1997) and electrical 
properties (Aldrich et al., 2001). 
In this study a topological transformation of a porous multiphase microstructure, 
adapted from Fan's work (1993), is introduced. For a porous two-phase microstructure, it 
is complicated to consider microstructural parameters in the same way (using volume 
fraction-grain size ratio) as pores must be taken into account. The determination of grain 
size ratio, R, in a three-phase structure (two solids and pores) is not possible. A more 
convenient way to achieve the quantification is to use the conventional intercept 
technique through solid contiguity. A multiphase microstructure with porosity can be 
transformed as shown in Figure 7.9. The topological transformation rearranges solid 
phases and pores from random distributions into three solid regions each containing 
pores. The solid regions are (i) connected a-phase (ii) connected ß-phase and (iii) a 
mixture of separated cc-grains and ß-grains, all accompanied by pores. Therefore the 
solid phases in the structure are not completely connected. Similar to a dense 
transformed structure reported in the original work, this rearranged microstructure does 
not offer any quantitative information. The transformed microstructure presents only a 
variation in connectivity of each solid phase due to a certain amount of porosity but it 
does not provide any information concerning pore size, pore shape and pore distribution. 
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Figure 7.9 Schematic illustration of a topological transformation of actual two-phase 
microstructure containing porosity to a body with three elements. It is 
noted that this schematic diagram does not represent any quantitative 
information such as volume content, grain size, shape and distribution. 
7.4.3 Development of the quantitative microstructural information in 
porous structures 
7.4.3.1 Overview 
Quantitative microstructural parameters corresponding to the topological 
transformation of porous multiphase microstructures are introduced on a basis of phase 
contiguity. The relationship between the quantitative information from the topologically 
transformed porous structure and thermal expansion and the determination of the CTE 
values are discussed. 
7.4.3.2 Volume fraction of phases 
Information on the volume content derived from area measurement covers all 
the phases appearing in the area of interest, including porosity (denoted by the subscript 
p). The sum of the actual solid content over the area of interest is no longer equal to unity 
if the pore fraction fp > 0, i. e.: -. 
f, + fa+ fß =1 Eqn 7.5 
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To consider only the solid phase, the pore fraction has to be excluded from this total 
experimentally determined volume fraction. Thus, the volume content of all solids 
needed to be normalised. 
7.4.3.3 Solid contiguity 
Solid contiguity can be determined from linear intercept counting (over the 
backscattered electron micrographs) and calculated using Equation 5.1. This quantitative 
value represents the connected nature of all solid phases in porous structures, regardless 
of phase arrangement. In the other words, solid contiguity covers all solid regions 
associated with pores. On the basis of the concept of contiguity, the continuous volume is 
obtained from volume fraction and the phase contiguity, when the phase contiguity is 
assessed directly using either intercept counting or volume fraction-grain size based 
methods. However, the phase contiguity cannot be achieved straightforwardly for any 
microstructure containing porosity. The phase contiguity in a porous mixture can be 
derived indirectly from the solid contiguity and the fraction of the connected phase can be 
estimated. The main advantage of this consideration is that it can be used for the CTE 
prediction of a porous structure containing two or more phases, regardless of the grain 
size ratio. Quantitative information such as the volume fractions of solid and pore phases 
can be derived from the actual microstructure using area measurement. Linear intercept 
method covers microstructural details and provides the values of solid contiguity and 
other parameters via a less complicated process and is an understandable way. 
According to Figure 7.9, a three-phase (two solid and one porous) 
microstructure is rearranged to consist of connected a-phase in region (i), connected ß- 
phase in region (ii) and a mixture of cc-phase and ß-phase in region (iii). The first two 
regions can be defined in terms of the continuous volume of a-phase (fac ), the 
continuous volume of ß-phase (fßß) while the other can be defined as a combination of 
,, s and 
fas ). Pore phase is still included the separated phase of a-grains and ß-grains (f 
in the modified structure, with any random pore size, pore shape and pore distribution. 
Therefore, the sum of the parameters representing the proportions of each continuous 
phase and isolated solid phases must be equal to solid contiguity. 
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7.4.3.4 Phase contiguity and continuous volumes 
Although the phase contiguity of a-phase or ß-phase can generally be obtained 
directly from the intercept method for a dense multiphase microstructure, it is not simple 
for a porous structure. The phase contiguities of the a-phase and ß-phase can be directly 
obtained from intercepts between solid phase boundaries and test lines (Naa, Nßß and 
Naß). However, very large numbers of intercepts have to be counted to give 
representative values for each phase. Thus, phase contiguity on the basis of solid 
contiguity may be a more practical way to represent the phase connectivity. 
From the topological transformation, porous microstructures comprise two parts: 
connected phase and separated phase accompanying by pores. Using solid contiguity and 
volume fraction obtained from area measurement, the connected solid phases, as seen in 
region (i) and region (ii), can be considered as the continuous volume (fc) of each phase 
which can be determined as follow: 
faC 
- 
fa 
* 
Ca = fa * 
(CSolld 
'fa*) 
fßC = fß * 
Cß = fß * 
(CSolid 
*ß 
Eqn 7.6(a) 
Eqn 7.6(b) 
when fc is the continuous volume and f and f *are the actual volume content and the 
normalised volume content, respectively. The subscripts a and ß represent the two solid 
phases. The terms derived from solid contiguity and the normalized solid content 
represent the fraction of a phase in the transformed structure. However, not the whole 
phase is completely connected; some of it is located in region (iii). 
7.4.3.5 Phase separation and separated volumes 
The phase separation was defined as the fraction of the total surface area of one 
phase shared with particles of the other phase, i. e. no contacts between the same phases 
are found. In other words, this explains the area apart from the connected solid phases 
of a-phase and ß-phase. The values of separation for the a-phase and ß-phase in the 
porous structure in Figure 7.9, which represent the fraction of isolated particles (fs) for 
each phase in region (iii) are defined as: - 
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aS 
Ca 
-faC = (Ja "CSolid) - aC = aCSolid(l- 
faý 
ßS 
Cß 
-fßC = (f; 'CSolid) - ßC = ; 
CSolid(1 
-fßý 
Eqn 7.7(a) 
Eqn 7.7(b) 
where fs is the separated phase and f and f *are the actual volume content and the 
normalised volume content, respectively. The separated part of each phase is derived 
from the amount of that phase in a whole connected solid (f *" CSolid)subtracting the 
continuous volume of the phase (fc ), as shown in Equation 7.7. The fraction of the 
mixture in region (iii) in a transformed structure is obtained from a sum of the phase 
separations of a-phase and n-phase. 
For a fully dense multiphase material containing no porosity, the total volume 
fraction of solid is unity and the sum of the phase contiguity and the phase separation of 
one phase also becomes unity. When a porous multiphase structure is considered, the 
total volume fraction of solid is no longer equal to unity due to the presence of pores. 
With the concept of phase contiguity, the separation of the a-phase (Sa) was theoretically 
defined as 1-Cm. The result would be greater than what it should be because of the 
inclusion of the pore phase in the structure. Based on the topologically transformed 
structure, the sum of the total continuous phases and the separated phases accompanying 
pores is equal to the solid contiguity. 
7.4.4 Effective CTE 
A new variation on the ROM approach based on quantitative microstructural 
information is introduced. The proposed expression is a modification of the ROM 
method, describing the relationship between solid phases in porous microstructures on the 
basis of the topological reorganised microstructures. The volume fractions of the 
constituent solid phases are replaced by microstructural quantitative parameters based on 
the transformed microstructure. Essentially, the three CTE values corresponding to the 
three regions are summed. The first two single phase regions (region i and region ii) can 
be derived based on the continuous volumes of those phases along with porosity whereas 
the other region (region iii) containing isolated solid phases are obtained from the 
separated volume of each phase, as shown in Equation 7.8(a) to (c), respectively. 
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region (i) CTEregion(i) =  ac 
CTEa Eqn 7.8(a) 
region (ii) CTEregron(ri) = fßc CTEQ . Eqn 7.8(b) 
fas 
- CTEa + fßs " CTEß region (iii) CTEregion(iii) = Eqn 7.8(c) C 
Solid 
when fc, fs and Csolid are continuous volume, separated volume and solid contiguity 
obtained from actual microstructures using intercept counting. Subscripts a and ß stand 
for solid phase in the porous structure, respectively. Then, the overall CTE is written in 
the form of: - 
CTEef. _ (. f; c ' CTE) +1Y(. fs ' CTE) Csord 
Eqn 7.9 
In region (i) and region (ii), the presence of porosity has no effects on thermal 
expansion behaviour because these regions are considered as monolithic, but it does 
affect the microstructural features. A variation in solid connectivity due to porosity has 
been quantified as mentioned previously. For region (iii), the determination of CTE value 
from a mixture of separated a-phase and ß-phase is more complicated than for the 
connected ones and the region has to be treated in a slightly different way. Thermal 
expansion due to this region resulting from a combination of separated phases of a and ß 
associated with porosity can be determined from separated volumes of a-phase and (3- 
phase. The term is divided by the solid contiguity, indicating that the separated volume 
of each phase is a fraction of the isolated phase in the overall connected solid. 
Over a polished surface the microstructural features vary from one field to 
another. This leads to a variation in the quantitative information of the solid contiguity 
determined using linear intercept counting and volume fraction from area measurement. 
Mean values of these parameters can generally be determined by considering a number of 
fields. These values are assumed to be sufficient to represent the characteristics of a 
given sample. The errors of the predicted CTE values can be estimated from solid 
contiguity derived from each site of interest. Generally, at least five randomly selected 
fields were used, and hence five or more values of solid contiguity were experimentally 
determined obtaining a mean solid contiguity and standard deviation to be calculated. 
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The range of values for the predicted CTE is derived by substituting each value of solid 
contiguity into Equation 7.9. 
This model can be applied to both monolithic microstructures and multiphase 
structures, with or without porosity. For example, if a fully dense monolithic structure is 
considered, the separated part in region (iii) becomes zero and the CTE value is obtained 
from a single phase only. Thus, the equation gives the predicted CTE value equal to the 
one of that phase. In the case of a fully dense multiphase structure, the solid contiguity 
in Equation 7.9 is also unity. The equation is then very similar to the conventional ROM 
method but the predicted CTE value derived from quantitative information may vary 
slightly due to a variation of microstructural rearrangement. 
7.4.5 Applications of the proposed model 
7.4.5.1 Overview 
The proposed model was applied to predict the CTE values of dense and porous 
composite materials: A12O3/SiCp and MMAS composites. The predicted CTE values 
using the model based on quantitative microstructural information were compared with 
the ones obtained from other approaches and experimental data. The CTE values of 
porous MAS materials were not considered due to a variation in chemical composition as 
a function of the degree of spinel formation. 
7.4.5.2 A12O3/SiCp nanocomposites 
Firstly, the solid contiguity and the other parameters of the A12O3/SiCp 
nanocomposites were evaluated and compared with the volume fraction obtained from 
area measurement. Solid contiguity was obtained from linear intercept counting and 
determined from Equation 5.5 while the phase contiguity is derived from Equation 7.4. 
Slight differences in solid contiguity and phase contiguity of both alumina 
matrix and SiCp reinforcement are shown in Table 7.6. The values of solid contiguity of 
all samples are similar and very close to unity due to the solid phase being almost 
completely connected. However, the variation in solid contiguity not only depends on the 
individual phase grain boundaries or grain size characteristics but also on the microcracks 
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in the alumina matrix. Such microcracks can be seen in the composite structure 
containing SiC with particle sizes of 13 and 23 µm. They may be caused by the particle 
size of the SiCp reinforcement being beyond the critical size of 10 ±3 µm (Todd and 
Derby, 2004). Thermal expansion mismatch between the two constituents leads to cracks 
in the matrix structure. These cracks were treated as normal grain boundaries and taken 
into account in the solid contiguity estimate. 
Table 7.6 Solid contiguity and phase contiguity of the Al2O3/SiCp nanocomposites 
sample 
normalised solid fractions 
from area measurement 
vol% 
CSolid 
phase contiguity 
based on 
solid conti ui 
phase contiguity 
obtained from 
intercept counting 
alumina carbide pores C alumina C carbide C alumina C acarbide 
A 0.75±0.02 0.24±0.02 0.001 0.97±0.02 0.74 0.23 0.67±0.04 0.17±0.09 
B 0.75±0.04 0.24±0.04 0.002 0.96±0.03 0.72 0.24 0.65±0.05 0.17±0.11 
C 0.73±0.03 0.26±0.03 0.003 0.95±0.03 0.71 0.24 0.63±0.07 0.15±0.08 
D 0.88±0.02 0.11 ±0.02 0.004 0.97±0.02 0.85 0.11 0.81 ±0.05 0.08±0.05 
E 0.79 ± 0.04 0.20 ± 0.04 0.006 0.98 ± 0.01 0.78 0.20 0.67 ± 0.03 0.16 ± 0.04 
F 0.68±0.03 0.31 ±0.03 0.005 0.96±0.01 0.67 0.29 0.50±0.07 0.28±0.04 
Table 7.6 shows that there are slight differences in phase contiguity and volume 
fraction (obtained from area measurement shown in Table 7.4) of alumina and silicon 
carbide in samples A, B and C whereas the phase contiguity of both phases in samples D, 
E and F vary due to the composition. It can be found that the volume fraction and the 
phase contiguity in A12O3/SiCp nanocomposites were fairly similar. The values of phase 
contiguity were just slightly less than those of the volume fraction because of the very 
low content of pores in the structure. Alternatively, the phase contiguity can be 
determined individually from intercept counting; the intercepts between alumina grains 
(NAA), alumina-silicon carbide phase boundaries (NAC) and silicon carbide particle (Ncc) 
contacts being taken into account. The phase contiguity values of each phase directly 
obtained from the intercept method were lower than the ones based on solid contiguity 
but both showed the same trend: contiguity of a phase depends on the volume content. 
Considering each phase separately, the values varied over a wide range due to the random 
phase distribution and the relatively low number of intercepts counted. 
While the ROM based on volume fraction was an effective way of predicting the 
CTE of the A12O3/SiCp nanocomposites, the CTE values calculated 
from the proposed 
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model expressed in Equation 7.9 provided a reasonable lower bound estimate as shown in 
Figure 7.10. For completion, the values predicted from a simple consideration of phase 
contiguity (Equation 7.3) are also plotted and it can be seen that Equation 7.9 is an 
improvement on Equation 7.3 in that the predicted values are closer to the measured ones. 
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Figure 7.10 The predicted CTE values obtained from different methods compared with 
the experimental data of the A12O3/SiCP nanocomposites 
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7.4.5.3 Magnesia-rich spinel composites 
A comparison of the predicted CTE values derived from the proposed model as 
well as the ROM methods is shown in Figure 7.11. The predicted CTE values rise 
continuously with magnesia content. It can be seen that the predicted CTE values 
obtained from the proposed model are closer to the experimental data than those obtained 
from the ROM calculation using normalized solid fraction or the prediction from the 
ROM using phase contiguity. Some of the measured data fall within the range of the 
modified contiguity-based prediction. The good agreement is encouraging, but it should 
be noted that for these samples, the CTE values are strongly dependent on the 
chemical/phase composition and the features of the microstructure have less influence. 
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Figure 7.11 Comparison of the predicted CTE values obtained from proposed model 
and the ROM approaches with the experimental data of the MMAS 
composites 
7.4.5.4 Porous in situ MMAS and porous preformed MMAS composites 
The MMAS samples prepared using different powder manufacturing processes 
and containing deliberately introduced porosity show a wider range of microstructures 
and hence represents a more rigorous test for the proposed model. The results are shown 
in Figure 7.12. As they have similar final compositions, the predicted CTE of the in situ 
MMAS and the preformed MMAS obtained from the ROM using phase content were the 
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same. The ROM approaches using volume content obtained from area measurement and 
phase contiguity give predictions of upper bound and lower bound but the values are not 
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Figure 7.12 Comparison of the predicted CTE values obtained from the proposed 
model and ROM methods with the experimental data of the in situ MMAS 
composites and the preformed MMAS composites and their porous bodies 
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very close to the measured CTE values. The CTE values of both MMAS composites 
predicted using the proposed model based on quantitative information from the 
topological transformed porous structure were slightly different than the measured ones 
but the CTE values were much closer to the measured data than predictions from other 
approaches. Although the proposed expression needs to be tested on a number of systems 
and may need further refinement, these results suggested that this approach is worth 
further exploration. 
7.4.6 Summary of the proposed model for CTE prediction 
The proposed expression modified from a conventional ROM can be applied in 
order to predict the effective CTE values of porous MMAS composites. Given the 
uncertainties in the experimental data, the predicted CTE values are in fairly, good 
agreement with the experimentally determined data and the expression shows an 
improvement on the ROM approach. This work has indicated that a microstructure based 
approach may be as advantageous alternative to existing models for the prediction of the 
CTE values of porous multiphase materials. 
7.5 Summary of the Prediction for CTE and Model 
Development 
A simple ROM-based model using volume fraction or phase contiguity is a 
convenient and efficient way to predict the CTE of dense multiphase materials. However, 
this method may be less accurate for porous microstructures. A new model modified 
from the simple ROM method by considering other microstructural parameters has been 
proposed. The results show better agreement with the experimental data than the other 
ROM approaches. Although the proposed model does not provide advantages over the 
conventional ROM method in dense multiphase microstructures, this work shows the 
potential for developing models based on quantitative microstructural information and 
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provide an alternative way of to predicting the thermal expansion behaviour of porous 
multiphase structures from knowledge of microstructural rearrangements. 
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CHAPTER 8 
Concluding Remarks 
8.1 Conclusions from the Current Work 
8.1.1 Introduction 
The main aim of this work was to investigate the relationship between thermal 
expansion and microstructure of pore-containing particulate ceramic composites. This 
has been achieved. Magnesia-magnesium aluminate spinel (MMAS) composites were 
chosen to be the representative materials. Magnesia-rich composite samples made from 
different chemical compositions and powder manufacturing processes (in situ process and 
preformed process) were investigated. Porous structures were generated by the addition 
of corn starch to powder mixtures. Physical properties were examined and 
microstructures of the multiphase composites were quantified in terms of solid contiguity. 
The possibility of using microstructural information to estimate the effective CTE was 
considered. The CTE values of these materials were' determined experimentally. The 
conventional rule-of-mixtures (ROM) approach was shown to give an upper bound 
prediction. Variations on the ROM that took microstructural details into consideration 
were proposed and shown to provide effective lower outcome to the CTE predictions. 
8.1.2 MAS and MMAS observations 
Factors influencing the physical properties and microstructural development of 
stoichiometric spinel (MAS) and magnesia-rich spinel (MMAS) composites were 
examined. Those factors included sintering conditions, type of raw materials and 
chemical composition. Sintering temperature was the most 
influential factor in terms of 
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spinel formation and microstructural development. Reaction between magnesia and 
alumina powders was more complete at higher temperatures, according to the XRD 
results. Spinel can be found in a mixture sintered at 1300 °C and spinel content increased 
at higher temperatures. Initially, spinel formed around the periphery of agglomerated 
alumina as a shell and the shell became thicker and grew towards the core. Core-shell 
features could be eliminated if the homogeneity of the powder blend was improved and 
contaminants from the mixing process were removed, by using binders and sieving the 
powder mixture, respectively. Holding time and heating rate did not affect spinel 
formation significantly. Gibbsite could be used as another source of alumina-rich 
material; however, it did not show beneficial outcomes compared to a-alumina. A 
sintering temperature of 1600 °C held for 2 hours was found to be fairly adequate to 
produce essentially `pure' spinel, from a-alumina and magnesia powder mixtures. 
Chemical composition was a significant factor influencing both properties and 
microstructure of the MMAS composites. Connectivity of one phase in a multiphase 
structure depended strongly on the starting chemical composition. Increasing the 
magnesia content in the magnesia-alumina powder mixture resulted in magnesia-rich 
compositions, demonstrating more connected magnesia particles and isolated spinel 
particles. When MMAS composites with similar chemical composition were considered, 
the MMAS products made from the in situ process and the preformed process resulted in 
different microstructural features. The in situ process produced denser microstructures in 
which the particles were rather uniformly dispersed while the preformed process provided 
more porous materials and the dispersion of magnesia and spinel particles was 
comparatively uneven. Porosity was always present in the structure although no starch 
was deliberately added to increase porosity in some cases. The existence of porosity 
altered the particle size, particle distribution and phase connectivity of the MMAS 
composites. 
8.1.3 Quantification of multiphase microstructures 
Microstructures of the porous MMAS particulate composites were quantified in 
terms of volume content and phase connectivity, namely contiguity. Volume content of 
phases in the structure was obtained from area measurement, 
indicating the fraction of 
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one phase to the total area of interest. Phase contiguity was estimated using linear 
intercept counting. For porous structures, phase contiguity was determined in terms of 
the connectivity of all solid phases, or solid contiguity. Analysis of both idealized and 
actual structures revealed that solid contiguity was related to pore content in the structure, 
that is, solid contiguity decreased with increasing pore content. Solid contiguity was not 
very sensitive to chemical composition but differences in solid contiguity for the in situ 
MMAS composites and the preformed MMAS composites were observed. 
8.1.4 Thermal expansion of the MAS and the MMAS composites 
Thermal expansion behaviours of the MAS and MMAS composites were 
determined experimentally and reported in terms of the coefficient of thermal expansion 
(CTE). Nearly pure magnesia and spinel were prepared and used as standard samples. 
The measured CTE values of the standard magnesia and the standard spinel samples were 
similar to those stated in the TPRC database. The CTE values measured from standard 
samples were used to calculate the effective CTE of the magnesia-rich compositions. 
As far as the MAS samples were concerned, the CTE values gradually increased 
with increasing sintering temperature and pore content. This was related to the degree of 
spinel formation. Chemical composition of MMAS composites played an important role 
in determining the thermal expansion. The measured CTE values of the MMAS 
composites fell between those for stoichiometric spinel and magnesia. The MMAS 
composites with similar chemical compositions but prepared from the in situ process and 
the preformed process showed differences in terms of microstructural development and 
the CTE values. The CTE value of the in situ MMAS composites was higher than that of 
the preformed MMAS composites. Also, the CTE values slightly increased with 
increasing pore content. 
This study showed that microstructure may influence thermal expansion. 
Hence, it might be advisable to use quantitative microstructural information to predict the 
thermal expansion behaviour of the porous MMAS composites. 
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8.1.5 Development of a model for CTE prediction of porous 
multiphase composites 
The CTE values of the multiphase ceramic composites obtained from 
measurement and calculated from a simple rule-of-mixtures (ROM) using volume 
fraction and phase contiguity were compared. In a dense multiphase structure (i. e. 
A12O3/SiCp nanocomposites), a conventional ROM method based on volume fraction was 
still an effective and convenient way of predicting the CTE. However, for a porous 
multiphase structure (MMAS composites), the simple ROM no longer provided accurate 
results, especially for the MMAS composites with the same chemical composition but 
different microstructures, indicating that microstructural features including pore content 
and phase contiguity might be important. The ROM approach using volume fraction 
could be viewed as providing an upper bound estimate of the CTE. In order to provide 
lower values, variations on the ROM based on quantitative microstructural information 
covering porosity and phase connectivity were introduced. Reasonably good agreement 
between the measured data and the CTE values calculated from the proposed variations 
were observed, suggesting that this approach is worth investigating further. 
8.2 Future Work 
The model for CTE prediction proposed in this work needs to be further 
improved and tested using other composite systems. In terms of the MAS and the MMAS 
composites, finer particle size magnesia powder and higher sintering temperatures should 
be employed in order to improve spinel formation. The use of simpler and more stable 
multiphase composites in which the constituent phases do not react at high temperatures 
is recommended. High purity raw materials are also advisable in order to avoid effects of 
any impurities on microstructural development as well as thermal expansion 
behaviour. 
A possible system would be A12O3/ZrO2 to which starch addition could 
be made. Using a 
simpler system, it should be possible to record a 
large number of intercepts in the 
microstructural evaluation and this will decrease the errors 
in the contiguity measurement. 
This in turn would enable the model to be tested more thoroughly and 
developed further, 
as required. 
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